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Abstract 
The black truffle (Tuber melanosporum Vitt.) industry in Australia is relatively new and 
has enormous potential but some truffières (truffle farms) fail to meet anticipated 
harvest projections. Inappropriate soil conditions and climate, and the management of 
such factors are suggested as the primary reasons for inadequate yield. In addition, 
requirements for ascocarp initiation and development and the role of the host plant in 
such processes are unknown. This study examines interactions between European hazel 
(Corylus avellana L.) and the ectomycorrhizal (ECM) black truffle symbiont in a 
commercial truffière (Hazel Hill) in south-western Australia. Specific studies were 
initiated to examine the interactions of host physiology, mycorrhizal infection and the 
interaction with abiotic factors. The study related specific physiological processes of the 
host plant to the known life cycle of the black truffle to determine the role of the host 
plant in ascocarp production, if any. The work also examined the effect of silvicultural 
treatments intended to increase truffle production. 
 
A review of existing literature was undertaken to determine the key soil and climatic 
factors required for successful truffle production. Climatic conditions appeared more 
important than soil chemistry and structure in Western Australia, with significant 
seasonal variation in air and soil temperatures required plus irrigation to supplement 
summer rainfall. This information was used to define areas with potential for truffle 
production in the south-west of Western Australia: the cooler, high rainfall regions 
(>1000 mm annual rainfall) where there is sufficient seasonal variation in soil 
temperature and availability of adequate quantities of quality water for irrigation. 
Subsurface soil acidification and salinity, as well as groundwater salinity, are 
constraining factors. Lime amendment is necessary to create sufficiently high pH and 
CaCO3 levels required by the truffle fungus.  
 
A field trial was established to monitor the seasonal C dynamics of European hazel in 
the context of the life cycle of the black truffle. Maximum translocation of sucrose in 
the phloem sap coincided with the period of anticipated rapid growth of the truffle 
ascocarp implicating the use of current photosynthate in C nutrition of the ascocarp. 
Sampling of non-structural carbohydrates (NC) of above and belowground plant 
material indicated maximum storage of C in the host coincides with maturation of the   IV
ascocarp. These observations provide evidence of a synchronous growth habit of the 
plant host and the ascocarp.  
 
The C allocation patterns of European hazel in response to liming a loamy soil, taken 
from near the Hazel Hill truffière, and inoculation with ECM fungi (T. melanosporum, 
Hebeloma sp. and Scleroderma sp.) were examined in a glasshouse pot trial. Liming 
increased biomass allocation to the shoot and induced deficiencies of phosphorus and 
manganese. Colonisation by ECM fungi significantly increased net photosynthesis, 
indicating the sink strength of these fungi, but there was no relationship between the 
level of mycorrhizal infection and fine root NC. The maximum rate (40 g lime kg
-1 soil) 
reduced infection by Hebeloma and Scleroderma and had no impact on T. 
melanosporum. Further, infection rates of T. melanosporum did not increase in response 
to lime suggesting lime is not necessary for ECM development in this soil type.  
 
Fertiliser is widely used in commercial truffières in Australia but the consequences for 
truffle production are unknown. In a field trial, the growth and physiological response 
of European hazel to forms of phosphorus (34 and 68 kg ha
-1 apatite-P and 68 kg ha
-1 
triple super phosphate -P) and nitrogen (50 kg ha
-1 of NO3- and NH4-N) were examined 
as well as the mycorrhizal response to fertiliser. Apatite-P increased phloem sap sucrose 
concentrations which was attributed to increased root biomass and associated sink 
capacity. Fertiliser application did not change fine root NC concentrations suggesting 
no increase in allocation of C to ECM structures. The highest rate of apatite-P decreased 
mycorrhizal infection rates of T. melanosporum and, most likely, was the result of 
increased infection rates of Hebeloma. In contrast to the literature relating to indigenous 
Australian ECM fungi, the highest rate of soluble-P did not decrease ECM infection 
rates in T. melanosporum. Nitrogen treatments increased foliar N content and improved 
gas exchange efficiency of plants, and had no adverse impact on the level of ECM 
infection. Fertilisation with N significantly increased soil respiration rates suggesting N 
limits mineralisation at this site.  
 
Some truffières manage the canopies of the host tree to ensure maximum exposure of 
the soil surface in order to increase soil temperatures. As there are no published data on 
the effect of pruning on black truffle production, a field trial was established to 
document the impact of canopy pruning on host physiology and soil temperature. The   V
removal of 65% of canopy leaf area reduced phloem sap sucrose concentrations, soil 
respiration rate and the soluble: insoluble NC ratio of fine roots in the short term (1-3 
weeks). There was no compensatory response of leaf gas exchange parameters as a 
result of pruning. Generally, there was no long term impact on plant physiological 
parameters as a result of pruning. Long term effects on soil temperature were observed 
as a result of pruning. Mean annual temperature and amplitude increased significantly 
beneath pruned trees and spring, summer and autumn soil temperatures increased as did 
diurnal variation as a result of pruning. Pruning did not increase winter soil 
temperatures and therefore would probably not impact on ascocarp maturation during 
this period.  
 
This research has provided insight into the C physiology of hazel associated with the 
black truffle and the consequences for truffle production. The results provide anecdotal 
evidence of direct C transfer between the host and the developing truffle, contrary to the 
existing paradigm that the ascocarp is saprotrophic for the majority of its growth and 
development. There is a need to validate this finding as there are consequences for 
management of commercial truffières. Liming of loam duplex soils can reduce the 
abundance of the most common competitor ECM fungi and should be encouraged in 
commercial truffières. Applying phosphorus and nitrogen to commercial truffières will 
improve growth rates of planted trees without adversely impacting on ECM infection by 
black truffle fungi, although the impact on truffle production remains unknown. It is 
anticipated truffle production will improve in the longer term as a result of pruning and 
prudent canopy management. Management options should include tree removal to 
reduce planting density and increase soil exposure in truffières. There is a need for 
longer term trials to be established to determine the C nutrition of the truffle ascocarp 
and to clearly define the key stages of the black truffle life cycle in Western Australia.  
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“…..a shortage of grain is preferable to a shortage of truffles….” 
  
        -  Plutarch,  AD  46-120 
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Chapter 1 
 
General introduction 
1.1  Introduction to the research 
The hypogeous sporocarps (fruiting bodies) of Tuber species are renowned for their 
flavour and some are considered a delicacy in fine cuisine. The prized black or Périgord 
truffle (Tuber melanosporum Vittad.) is an expensive and valuable commodity due to its 
aromatic quality, rarity and traditional difficulty in cultivation. Being an 
ectomycorrhizal (ECM) fungus growing in symbiosis with a host plant (commonly oak 
and hazel) it fruits underground and requires the acute sense of smell of pigs or trained 
dogs to locate them for harvest. Until recently, considerable mystique surrounded the 
growth and development of these underground truffles and they were often the subject 
of bizarre theories. More recently, scientific knowledge has contributed to the taxonomy 
and biology of this group of Ascomycetous fungi and has contributed to the artificial 
cultivation of truffles in truffières (truffle plantations) supplementing natural production 
(Pacioni et al. 1990). A wide range of edible truffle varieties have been identified, 
mostly within Tuber and Terfezia (Delmas 1978).  
 
Despite decades of research there continues to be shortfalls in scientific knowledge in 
truffle cultivation particularly with regard to factors that stimulate the production of 
fruiting bodies. The long-term viability of producing black truffles in the southern 
hemisphere is dependant on effective management of truffières for a sustained, high 
level of production for greater economic return on investment. This review will briefly 
detail the origin and history of trufficulture and a number of the edaphic factors 
involved in the cultivation of truffles. The review will also explore the little known 
aspects of the ecology and physiology of fruit body production and will draw from 
research conducted on other ECM associations. The primary focus of this review will be 
to identify shortfalls in current understanding of the role of the host plant in 
fructification of the fungal symbiont. A significant proportion of photoassimilate is 
partitioned to mycorrhizal fungi, however little is known of the significance of this 
carbon for the production of ascocarps and the underlying mechanisms of its control.  
   2
Successful production of truffles in Western Australia will not only depend on suitable 
climatic and soil conditions, it will also benefit from a greater understanding of the 
physiological interaction of the fungal and plant components of the symbiosis. Whilst 
there is information available regarding the allocation of organic carbon from host 
plants to ectomycorrhizal fungi, none relate specifically to T. melanosporum. In 
addition, the effect of fertiliser application on plant growth and truffle production is not 
known. Whilst a limited fertiliser regime is often employed in truffières there is scant 
knowledge of the true influence of various fertiliser regimes on plant growth and truffle 
production. Considerable information is available on the effects of fertiliser application 
on the mycorrhizal and nutritional status of many mycorrhizal plants, but there is 
limited information regarding changes in carbohydrate allocation patterns that may 
occur as a result of fertiliser application, particularly in the field. Other cultural 
practices, such as pruning, are widely used for commercial production of truffles but the 
impacts of such practices are poorly understood. The information gained in this thesis 
will be most useful to commercial truffle growers attempting to increase yield from 
managed truffières.  
 
1.2  Review of literature 
1.2.1  Historical aspects of truffles 
Truffles first appeared in French culinary art during the Renaissance (Singer and Harris 
1987). However, in historical records, truffles have been recognised since 1600 BC and 
later, Roman and Greek writers, such as the poet Juvenal (AD 60-140) and Plutarch 
(AD 46-120), noted the association of water, heat, lightning and truffle formation 
(Delmas 1978; Hall et al. 1994). Hall et al. (2001) dismiss the whimsical writings of the 
Romans and Greeks except those that suggest that truffles might be propagated by seed 
(Theophrastus) and that truffles were always found in the ground beneath a particular 
plant suggesting an association. It is the latter suggestion that may have stimulated 
greater observation of the truffle as a mycorrhizal entity. However, it was not until 1588 
that spores were observed and confirmed as the fungal propagule by the Italian 
philosopher Giambattista della Porta. Much later, in 1868, the French botanist Gaspard 
A. Chatin gave a taxonomic treatment of truffles and discussed the observed varieties. 
He suggested that truffles formed symbiotic associations with trees and tentatively   3
suggested they could be cultivated. Soon after, in 1885, Frank documented 
ectomycorrhiza in the association between Tuber aestivum (Burgundy truffle) and 
plants (Paciona and Comandini 1999). Hence it can be said that truffles inspired the 
birth of modern mycology.  
 
Truffles have been collected from the naturally occurring forests of Mediterranean 
Europe for centuries and continue to be collected from these areas today, although the 
abundance of truffles collected from these areas has declined markedly in recent 
decades (Callot 1999; Hall and Brown 1989; Sourzat 1994; Stahle and Ward 1996). 
With an increased appreciation of fungal biology, crude techniques of inoculating young 
seedlings and transplanting into new areas occurred throughout the 19
th and early into 
the 20
th centuries. During the 1970’s, techniques in artificial mycorrhization of the black 
truffle by French and Italian scientists initiated a major resurgence in trufficulture in 
Europe (Palenzona 1969; Chevalier and Dupré 1988; Chevalier and Frochot 1997). 
Since this time, efforts have focused on managing truffières to increase truffle yield, 
most often amid great secrecy. 
 
The historical aspect of truffles does little but give an insight into the reasons for a 
general lack of understanding of the significant processes involved in their production. 
There is considerable literature devoted to their mystique and intrigue but only in 
relatively recent times has there been a scientific approach to understanding factors that 
influence the growth and development of truffle species. This thesis will contribute 
further to this understanding. 
1.2.2 Truffle  species 
Approximately 145 species and an additional 66 subspecies and varieties of Tuber have 
been published and included in various indices (Saccardo’s Sylloge Fungorum, Petrak’s 
Lists, Saccardo’s Omissions, CABI’s Index of Fungi). However, the number of validly 
described species is probably closer to the estimates of 60-75 species given in 
Hawksworth  et al. (1995) and Bougher and Lebel (2001). There is considerable 
variation in the edible and aromatic quality of the more than seventy varieties of edible 
truffles that are harvested worldwide (for a selection see Table 1.1). The most 
captivating of these are the black Périgord truffle (T. melanosporum Vitt.), the white   4
truffle (T. magnatum Pico.), the summer truffle (T. aestivum  sensu Chatin non 
Vittandini) and to a lesser extent the Oregon white truffle (T. gibbossum Harkn.). The 
suite of volatile organic compounds (VOC) in their various forms provides the 
subtleties of aroma that are so desirable of truffles. Many studies have examined the 
aromatic composition of different species with results indicating the most abundant 
VOCs in truffles are dimethylsulphide, 2- and 3-methylbutanal, 2-methylpropanol, 
butanone, trimethyltrisulphide and 2,4-dithiapentane (Bellesia et al. 1996; Bellesia et al. 
1998; Díaz et al. 2002; Mauriello et al. 2004; Pelusio et al. 1995). Differences between 
species are largely the result of differing proportions of VOCs although some possess 
unique compounds.  
 
Commercial cultivation of the black truffle has extended harvest regions to include the 
American states of California and North Carolina, New Zealand, the Australian states of 
Tasmania, Western Australia and recently, Victoria and New South Wales. There is 
very little information in the published literature detailing yields from these commercial 
plantings, with the exception of New Zealand where some data exists. Plantings of trees 
inoculated with black truffle include other countries such as Canada and Chile. This 
geographic range continues to grow and many of the other truffle species are beginning 
to be investigated for their commercial potential. The cultivation of the white truffle (T. 
magnatum) remains the greatest challenge because researchers and growers have not yet 
produced mycorrhized seedlings despite many attempts to do so (Hall et al. 1998). This 
explains the often extravagant prices paid for this species given its harvest is limited to 
natural forests. Attention has been given to the Burgundy truffle (T. uncinatum Chatin) 
in recent years to increase its distribution across Europe. This species is easier to 
cultivate than the black truffle and has a wider tolerance of climate and soil conditions 
and a greater host range (Chevalier et al. 2002). Whilst the price received for the 
Burgundy truffle is low by comparison it can be reliably produced in significant 
quantities in well-managed truffières. Nonetheless, T. melanosporum remains the “Holy 
Grail” in commercial truffle production and is likely to be the case in the foreseeable 
future pending a breakthrough in artificial mycorrhization of the white truffle. In the 
remainder of this thesis both the latin and common name “black truffle” are used, 
interchangeably, to describe T. melanosporum. 
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Recognition of the many species of truffles that are sought after and used in culinary 
circles is important for several reasons. Firstly, the edible and aromatic quality of the 
harvested species varies considerably. Secondly, some species have been substituted for 
the more highly prized species in preserved preparations reducing the authenticity of 
these products. Recently, molecular techniques have provided a means of detecting 
rogue truffle species in such preparations (Douet et al. 2004; Henrion et al. 1994; 
Rubini et al. 1998) and have also contributed to the wider taxonomy of the genus 
(Amicucci et al. 2000; Bertault et al. 2001; Henrion et al. 1994; Iotti et al. 2002; 
Paolocci et al. 2004; Rubini et al. 1998).  
 
1.2.3  Black truffle as a commercial commodity 
There have been varied estimates of truffle production since the early times of truffle 
harvesting. There is a recorded harvest of 1500 tonnes of truffles from natural areas in 
France in 1860 apparently increasing to 2000 tonnes in 1890 (Hall and Brown 1989). 
However, Hall et al. (2001) suggest that these figures may be exaggerated citing other 
sources that indicate a worldwide production of 1000 tonnes. Despite these disputed 
variations in production, they are vastly higher than present production levels. 
Worldwide production of the black truffle varied between 12 and 40 tonnes annually 
during the 1990's (Byé 2000). Truffle production declined markedly during World War 
I [931 tonnes in 1914 to 166 tonnes in 1919 (Byé, 2000)] and the decade that followed, 
and after a partial recovery has steadily declined since then (Figure 1.1). It is believed 
that a number of factors have contributed to the reduction in the availability of the black 
truffle, including local land use changes such as shifts in urban and rural living as well 
as the beginning of more intensive agriculture that was often at the expense of many of 
the truffle-producing oak trees (Hall and Brown 1989).  
 
Despite the resurgence in trufficulture since the production of mycorrhized seedlings in 
1973 (Chevalier and Poitou 1988), it is apparent that yield of the black truffle continues 
to show a steady decline in France, Italy and Spain (Figure 1.1). Past and present market 
conditions allow for greater supply without influencing demand pressures, however, this 
greater supply is likely to arise from the establishment of truffières outside Europe. This 
potential is demonstrated by the success of New Zealand and Tasmanian truffle 
growers, however at this point their production is only sufficient to meet local demand   6
(Hall, pers. comm.). The traditional European truffle season is complimented by the off-
season production of truffles in the southern hemisphere which will therefore not 
compete directly with northern markets.  
 
Markets for both fresh and preserved black truffles are available and it is expected 
demand will increase with an increased supply (Garvey and Cooper 2001; Stahle and 
Ward 1996). Only when supply can be guaranteed from year to year can new markets, 
such as Asia and the Middle East, be explored. The price for the French black truffle 
may vary from year to year but little variation is observed within truffle seasons. 
European wholesale prices for the 1995/96 season varied between A$ 1000 and A$ 
2000 kg 
–1 with a retail mark-up price anywhere between 100 and 700% on the 
Australian domestic market (Stahle and Ward, 1996). Premium prices for fresh black 
truffle sourced from overseas and sold directly to restaurateurs in the Australian 
domestic market were A$ 2500 during both the 2003 and 2004 seasons. Prices for 
processed French black truffle are also high, particularly in Japan and USA, depending 
on the preparation. Prices can be influenced by the quality of individual truffles with 
fresh, fragrant and aesthetically appealing truffles attracting the highest prices whereas 
smaller, damaged truffles are used in preserved preparations.  
 
1.2.4   Potential for trufficulture in Western Australia 
The significance of truffle production in the southern hemisphere is the potential to 
capture the out-of-season market for truffles in the northern hemisphere and the 
expectation that high prices may be achieved as a consequence. Successful production 
of truffles in the southern hemisphere will depend on suitable soils, climate, competition 
with native and introduced fungal species and the successful cultivation of compatible, 
productive host trees. Hence truffles can be accommodated in a Mediterranean climate 
where a supply of water (summer storms/irrigation) during the warmer summer months 
is possible and where suitable soils exist with minimal competition from other fungi. 
The edaphic factors that influence site selection for trufficulture are explored further in 
Chapter 2. 
   7
 
 
 
 
 
 Table 1.1: Commercially important Tuber species. * Months in parentheses correspond to the harvest period for the southern hemisphere.
Species  Common name  Approx. retail price  Culinary 
quality  Harvest period*  Native Distribution  Common hosts 
T. melanosporum Vittad. 
Périgord black, 
Umbrian or Rabasse 
truffle. 
A$ 600-2500 kg
-1  ★★★★★  Jan – Mar 
(Jul – Sep) 
SW & SE France, Italy, 
northern Spain, 
Yugoslavia & Croatia 
Corylus, Quercus, 
Linden, & Carpinus. 
T. magnatum Pico et Vittad. 
Italian white, Alba, 
Piedmont or 
Aqualange truffle. 
A$ 3000-13000 kg
-1  ★★★★★  Nov – Mar 
(May – Sep) 
Central and northern 
Italy 
Populus, Salix, 
Quercus, Corylus, 
Alnus & Tilia. 
T. uncinatum Chatin or T. 
aestivum Vittad. 
Burgundy or Fragno 
black truffle of Italy.  A$ 200-600 kg
-1  ★★★★  Sep – Mar 
(Mar – Sep)  NE France & Italy 
Quercus, Corylus, 
Carpinus, Tilia, Pinus 
& cedar.  
T. aestivum sensu Chatin 
non Vittad. 
Summer or English 
truffle.  A$ 150-500 kg
-1  ★★★  May – Nov 
(Nov – May) 
NE France, Italy, 
Sweden & Denmark 
Quercus, Corylus, 
Fagus, Betula & Pinus 
sylvestris. 
T. borchii Vittad.  Tuscan truffle, 
bianchetto.  A$ 150-600 kg
-1  ★★★  Mar – Jun 
(Sep – Dec) 
Tuscany to Compagna, 
Italy 
Quercus, Corylus, 
Populus, Tilia, 
Castanea, Ontanus & 
Pinus. 
T. gibbosum Harkn.  Oregon white truffle.  A$ 40-50 kg
-1  ★★★  Oct – Nov 
(Apr – May) 
West coast of North 
America  Pseudotsuga menzesii. 
T. macrosporum Vittad.  Smooth black truffle.  nd  ★★  Sep – Dec 
(Mar – Jun) 
NE France and northern 
Italy 
Quercus, Populus, Salix 
& Castanea. 
T. brumale Vittad.  Musk truffle.  nd  ★  Jan – Mar 
(Jul – Sep) 
SW & SE France, Italy 
& northern Spain 
Corylus avellana, C. 
colurna, Quercus, Tilia 
& Carpinus. 
T. indicum Cooke & Massee   Chinese truffle.  A$ 4-6 kg
-1  ★  Jan – Mar 
(Jul – Sep) 
South-western China, 
foothills of Himalayas 
Populus, Salix, 
Quercus, alder & Tilia, 
Pinus yunanensis.   8
 
The establishment of truffières in Western Australia follows from the success of truffle 
production in both New Zealand and Tasmania. New Zealand produced the first truffles 
from an artificial truffière in July 1993. Subsequently, truffières have been established 
at a number of locations on both the north and south island of New Zealand. Similarly, 
Tasmania established its first truffière in 1992 with its first harvest in 1996. In both 
these examples it is clear that production of the black truffle is possible in the southern 
hemisphere. The production of black truffles may result in a significant industry in 
Western Australia. The first attempt to establish a commercial truffière in Western 
Australia commenced with planting in 1996 on the Wine and Truffle Company’s Hazel 
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Figure 1.1: Approximated annual truffle production of French black truffle (a) from 
1903-1975 and (b) in Spain/Italy and France, 1975-2000. (adapted from Garvey and 
Cooper (2001)). Note change of scale between (a) and (b). 
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Hill property, approximately 7 km south-west of Manjimup in the southwest of Western 
Australia (34° 16' 22''E, 116 05' 02'' S). The company considered the climatic and soil 
conditions to be favourable for the development of Tuber melanosporum but conditions 
need to be managed closely to reduce growth of competitor fungi and maximise the 
potential for initiation and growth of primordia.  
1.2.5  Ecology of Tuber species 
  I.  Life  cycle 
 
The life cycle of Tuber species appears to be very complex. The emergent monokaryotic 
hyphae from a germinating spore form the mycelium necessary for colonising the host 
root but may first fuse with that of another spore prior to forming mycorrhiza 
(Giovannetti, et al. 1994). It is not known whether this permanent secondary dikaryotic 
mycelium, which is common to all species in this group, is necessary for colonisation of 
the host (Pacioni and Comandini 1999). Colonisation of the host root is the initial step 
in the symbiotic phase and involves the formation of the mantle and Hartig net 
characteristic of the ectomycorrhizal  association where water, mineral nutrients and 
organic carbon (C) are exchanged (Harley and Smith 1983). During this phase, the 
colonisation of new root tips takes place with the progression of the mycelium through 
the soil.  
 
Sexual reproduction begins with the formation of primordia. Whilst the underlying 
stimulus/stimuli is/are unknown, the development of the primordium results from the 
aggregation and differentiation of hyphae to form pseudoparenchymatous tissue where 
sterile (gleba) and fertile cells are evident (Giovannetti et al., 1994). The production of a 
hypogeous ascomata, similar in appearance to that of a basidiomycetous ECM, 
characterises the Tuber genus.   
 
The development of the ascocarp, from initiation to maturity, by all accounts appears 
very slow. Sourzat (1981) provides a simplified account of the life cycle of the black 
truffle for the northern hemisphere and this has been adapted for the southern 
hemisphere in Figure 1.2. From this it can be deduced that primordia are likely to form 
in November and are numerous in the soil. They develop slowly in the following 1-2 
months and many abort and undergo degradation during this time. Rapid enlargement of   10
the developing ascocarp occurs from February to March with maturation during June 
and July. Giovannetti et al. (1994) and Callot (1999) identify a saprotrophic phase 
during sexual reproduction whereby the developing ascocarp becomes autonomous and 
is said to be nutritionally independent from the symbiotic mycelium and presumably the 
host plant. This concept is recognised for all Tuber species throughout the literature. 
Figure 1.2 illustrates the development of this independent stage of the ascocarp during 
the summer months through to its maturation in winter. The saprotrophic phase occurs 
early in the truffle’s development with ascogenesis, ascosporogenesis and finally the 
maturation of spores occurring during this phase.  
 
The independence of the ascocarp would suggest its late maturation is dependant on 
uptake of nutrients and organic C from the surrounding soil medium (Callot 1999). 
Barry et al. (1994a, b) have shown that absorption of labelled water (
3H2O) and organic 
(
14C-mannose) and inorganic nutrients (
32P-orthophosphate) into the ascocarps of both 
T. melanosporum and T. aestivum occurs by means of hyphal tufts extending from the 
peridium of near mature ascocarps. The presence of the labelled material in the gleba 
indicates these hyphae are physiologically active in the uptake of such nutrients from 
the surrounding medium. The uptake of this simple sugar indicated to these authors that 
the ascocarp could exploit the surrounding environment for sources of C, contrary to the 
implication of its mycorrhizal status that, throughout its life cycle, it is solely dependant 
on the host plant for organic carbon. The low diffusion coefficient of these labelled 
nutrients suggests they are transported across the membrane of these mycelial tufts and 
that the tufts provide a preferential route for nutrient uptake (Barry et al. 1994b).  
 
The development of truffles emerging from the apothecium stage appears a critical stage 
in terms of the independence of the ascocarp. French researchers have isolated these 
developing truffles from soil and placed them in artificial soil profiles to evaluate 
subsequent growth (Callot 1999). The rate of attrition of these transplanted, developing 
truffles apparently declines when the hyphal tufts emerge from the periderm (J.M. 
Olivier pers. comm.). Few, if any of these young ascocarps reach maturity suggesting 
supply of key nutrients is critical. These results might suggest the developing ascocarps 
are possibly independent of the host plant, however, the evidence for their independence 
is weak and further evaluation is required. Supply of host C for fruit body development 
in truffle species appears to have little significance given the findings of French   11
researchers. However, there must remain a transfer of C from host to symbiont for 
respiratory maintenance, growth and functionality of the ECM and fungal mycelium 
which may vary throughout the life cycle of both the plant host and symbiont. Högberg 
et al. (2001) demonstrated a reduction in fructification in ECM species as a result of tree 
girdling that significantly reduced the movement and storage of C below ground in a 
boreal forest. This study provided evidence that other ECM fungi may be dependant on 
current and stored photoassimilate for fructification. This is not suggested to be the case 
for fructification in Tuber species as demonstrated by Barry et al. (1994a, b) and argued 
by others (Callot 1999; Sourzat 1994), but equally it cannot been discounted.  
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Figure 1.2: The life cycle of Tuber melanosporum in the southern hemisphere (SH) 
(adapted from Sourzat 1981).   12
A number of authors have made the suggestion that T. melanosporum has a saprotrophic 
and/or a phytotoxic effect on non-host species growing beneath infected host trees (Hall 
and Brown 1989; Plattner and Hall 1995). This effect is observed in the formation of the 
“brûlé” or “pianello”, a cleared or burned area free from vegetation in the root zone of 
the host tree (Sourzat 1994). Plattner and Hall (1995) found hyphae of T. melanosporum 
in lesions on the roots of weeds found within the brûlé. They suggested that parasitism 
of these weed species occurs during periods of weed stress causing the perennial 
appearance of brûlés in truffières. There was no suggestion that these weed species are 
used as a carbon source for fungal growth or ascocarp development. Equally, this study 
could not rule out phytotoxic exudates as a cause for brûlé formation. Pacioni (1991) 
identified primary metabolites of sporophores of T. melanosporum and T. aestivum and 
examined their affect on selected higher plants and soil microorganisms. An inhibitory 
action of the isolated alcohols and aldehydes was observed to varying degrees with 
Pseudomona spp. showing greatest resistance to such metabolites. These bacteria are 
known to exist in abundance in and around ascocarps of Tuber (Mamoun and Olivier 
1992; Mamoun and Olivier 1993c) suggesting there is a selective advantage to these 
bacteria to modify the rhizospheric environment and favour Tuber growth in these soil 
volumes (Pacioni 1991). This concept is supported by the results of Mamoun and 
Olivier (1992) who suggested soil borne competitors of T. melanosporum were 
discouraged by the presence of suitable populations of pseudomonads, particularly 
during periods less favourable for mycelial growth. There is no identified link between 
soil bacteria populations and ascocarp initiation or development but again this requires 
further investigation. 
 
Sporocarp initiation and development in many fungal species occurs rapidly in response 
to climatic and/or substrate physico-chemical cues to maximise reproductive success 
when conditions are ideal (Oei 2003). Such rapid initiation and development of the 
sporocarp of other ECM fungi is not observed in Tuber species. Hence it is not known 
how important the host plant is in nourishing the symbiont during its reproductive phase 
and whether current and/or stored photoassimilate is utilised for ascocarp development. 
It is important to gain greater understanding of C utilisation of the ascocarp of Tuber 
species if significant commercial cultivation of these species is to be successful outside 
of Europe.  
   13
  II.  Host  specificity 
 
A number of plant hosts have been identified as harbouring the mycorrhiza of this 
genus. The traditional hosts include a number of species of Quercus (oak) and Corylus 
(hazel). Mycorrhiza of T. melanosporum are also known to form with members of the 
following plant genera: Abies,  Alnus,  Carpinus,  Carya,  Castanea,  Cedrus,  Cistus, 
Fagus,  Fumana,  Helianthemum,  Juglans,  Olea,  Ostrya,  Picea,  Pinus,  Populus, 
Pseudotsuga, Salix and Tilia (Hall and Brown 1989; Pacioni and Comandini 1999). 
Ascocarp production associated with many of these host trees is not known but is 
common in species of Quercus and Corylus (C. avellana and C. colurna in particular), 
hence their use in commercial truffières. There does appear to be considerable variation 
in the relative specificity both within and between plant host species. For example, 
Craddock (1994) reports mycorrhiza formation of T. melanosporum with C. 
heterophylla but there is no report in the literature of fructification in this host species. 
Pacioni and Comandini (1999) describe varied root penetration by T. melanosporum 
where the typical hosts show development of the Hartig net usually within five to seven 
cell layers. More aggressive penetration is observed in roots of less common host plants 
(e.g.  Pinus species) where penetration may extend to the root endodermis. The 
significance of this has not been explored in any detail. Variation in infectivity amongst 
host plant genotypes has led to the development of clonal lines of C. avellana and other 
preferred host species (e.g. C. colurna). There is no report in the literature of the relative 
success of clonal lines for truffle production at this time but there have been 
encouraging results in early research trials in France (J. M. Olivier, G. Chevalier and P. 
Rejou, pers. comm.).  
 
Pacioni and Comandini (1999) suggest specificity of T. melanosporum may not 
necessarily be genetic in its origin but is more likely to be the result of habitat 
preferences of host and symbiont, an argument supported by Murat et al. (2004). 
Pacioni and Comandini (1999) indicate that all host plant genera examined thus far in 
laboratory studies have formed ECM with T. melanosporum but production of 
ascocarps in fungus-host combinations is known to vary. There is no known record of 
truffle production in many species that form ECM with T. melanosporum, and similarly 
for other Tuber species. Therefore, production of ascocarps beneath infected trees could 
be a better indication of host compatibility at specific sites.    14
1.2.6 Cultivation  of  truffles 
In the early 19
th century, acorns planted near older truffle-producing trees were removed 
as seedlings with the expectation of infection of these plants by the truffle fungus. The 
success of this technique remains speculative given the mystique and secrecy 
surrounding the harvesting and selling of truffles during these times. Its success may be 
indicated by its continued use on a commercial scale late into the 20
th century (Singer 
and Harris 1987).  The method of cultivation of truffles with such seedlings differed and 
was often an adaptation of pedoclimatic conditions that were consistent with proven 
truffle grounds. Land of poor productivity for other crops was utilised with minimal 
capital outlay. Subsequent management practices often followed family traditions and 
involved only tilling by hand and weed removal. Generally, such truffières were not 
irrigated and the host plant canopy was managed to reduce exposure of the soil thereby 
reducing water loss. Typically yields were poor and sporadic with an extended period 
from establishment to production ranging in the order of 15 to 25 years. Fungal 
competitors readily established under such management conditions and had the 
potential to degrade productive truffle grounds.  
 
In the latter half of the 20
th century there was a resurgence in the cultivation of truffles 
with the intention to increase supply. Only relatively recently have inoculation 
procedures been developed that allow the artificial mycorrhization of Quercus and 
Corylus spp. with truffle producing fungi (Palenzona 1969; Chevalier and Dupré 1988; 
Pinkas et al. 2000). French and Italian scientists developed the techniques in the late 
1960's and early 1970's and since this time there has been increased planting of 
inoculated (many certified) plants in much more intensively managed truffières in 
France, Italy, Spain and later in non-traditional regions of the world (Chevalier and 
Poitou 1988; Sourzat 1994). Determination of conditions for spore germination in Tuber 
species has seen moderate success with the development of a range of ascospore 
treatments. Pacioni and Comandini (1999) report spore germination is enhanced 
following consumption by a hydnophagous animal. There is an inherent difficulty in 
preparing spore inoculum via this method hence spore slurry suspensions are generally 
utilised for inoculation of seedlings. Thickening agents (e.g. crosslinked polymers) are 
added to spore suspensions to aid adhesion of spores to actively growing roots.   15
Seedlings that are well mycorrhized with T. melanosporum have proven essential to 
successful cultivation of the black truffle. 
 
With the production of artificially inoculated seedlings in the mid 1970’s, changes to 
cultivation practices occurred. Sourzat (1994) describes two discrete methods of truffle 
cultivation that are utilised to varying degrees in Europe. The first of these is the 
“Pallier method” on which some of today’s more famous truffières are based. It 
espouses the search for calcareous land more suitable for truffle growing with intensive 
tilling of the soil, irrigation and the application of lime to increase soil pH to a range 
within ~7.5 to 8.2. Pruning is more vigorous in response to increased branch growth in 
response to irrigation. The use of chemicals is encouraged to control certain pests and to 
remove suckers of host plants. Pruning is carried out with the intention of increasing 
penetration of sunlight to the ground beneath trees to warm the soil and encourage 
fungal growth at the onset of spring. Most often, trees are pruned to an inverted cone 
shape. Planting density is between 400 and 800 trees ha
-1 with regular spacing and often 
with alternate plantings of host species. The configurations often vary and many were 
reviewed by Hall et al. (2001).  
 
The application of organic fertilisers is also recommended using the Pallier method 
although little detail is given by Sourzat (1994) of the chemical composition or relative 
effectiveness of application. Early production is observed with this method as hazel 
trees have produced truffles in the fourth year. Truffle yield ranges between 15 and 30 
kg ha
-1, 15-20 years after establishment. Byé (2000) argues that the Pallier method 
focuses efforts toward improving productivity of the host tree rather than on truffle 
production. The orchard style management of the Pallier method could be the result of a 
general lack of understanding of the physiological mechanisms governing growth, 
development and fructification in truffle fungi 
 
The second model of truffle cultivation is commonly termed the Tanguy method or 
“method of managing truffle space” (Sourzat 1994). The early to mid 1990’s saw 
modification of the Pallier method whereby the ground is sown with grass, and the 
working of the ground and the chemical control of grasses and weeds around trees 
ceases after the third year of establishment. Planted grass is maintained by mowing and 
growth of the plant host is reduced to favour growth of the fungus although how this is   16
done is not clear. Reduction in the use of fertiliser is one means of reducing host vigour 
and indeed there is minimal fertiliser input other than to maintain soils within a range 
considered appropriate based on existing truffières (discussed further in Chapter 2). 
Cultivation of the ground is not repeated unless truffle yields decline and may be done 
to reinvigorate the root system to encourage new mycorrhizal root development. It is 
suggested that regular tillage of truffières aids in the dispersal of fungal competitors and 
the practice is minimised as a result. The level of production of this method has not yet 
been fully evaluated as many truffières using this method were established during the 
mid-1990’s. Nevertheless, production begins rather tardily and full production is not 
likely to begin for 10 to 12 years following establishment. Truffières of New Zealand 
and Australia generally subscribe to the Pallier method although there is no strict 
conformity to either method, hence a mixture of techniques and practices exist. 
 
Production levels in commercial truffières appear variable and may be the result of a 
range of factors. Estimating production levels of commercial truffières in regions of 
Europe and elsewhere is difficult as truffière owners are well known for their 
heightened discretion with such details. Chevalier and Frochot (1997) provide the most 
detailed account of production levels in individual truffières in France. Average harvests 
of 30 kg ha
-1 at 10-13 years after planting and 50 kg ha
-1 after 13-16 years after planting 
have been observed in a well managed truffière in Dordogne, SW France. This truffière 
was established with mycorrhized plants from the French Institut National de la 
Recherche Agronomique (INRA) and the success of the truffière has been attributed to 
well mycorrhized plants. Sourzat (1994) suggested the Pallier method will yield 
between 15 and 30 kg ha
-1 of T. melanosporum at 15-20 years of age. Based on the 
results of experiments conducted in a truffière in the Cote-d‘Or department (NE 
France), yield from hazel trees at 10 years of age of between 20 and 50 kg ha
-1 should 
be possible provided the truffière is correctly managed and irrigated during the warmer 
months (Callot 1999). Again exceptions to this are known; for example a truffière also 
of the Côte-d’Or, produced 20 kg ha
-1 at 4 years of age and 110 kg ha
-1 after 14 years 
(Le Tacon et al. 1988).  
 
More recently, Chevalier and Frochot (1997) cite a study where three truffières of the 
Périgord region (SW France) were maintained according to the Tanguy method and had 
quite high levels of production during the 1993/94 truffle season. One of these truffières   17
(age 11 years) produced 100 kg ha
-1 and the remaining two yielded 150 kg ha
-1 (age 13 
years). This illustrates the potential but often varied yield of some truffières. The point 
at which a truffière is likely to yield a consistent crop is unknown and is no doubt 
dependant on close management of truffières to encourage fungal growth. It is 
extremely difficult to estimate the harvest quantity prior to or even during a season. In 
general terms it is considered that the first appearance of a brûle indicates truffles are 
only a year or two away but equally it is not guaranteed (Chevalier and Frochot 1997; 
Hall and Brown 1989).  Generally, production is progressive from the time of the first 
truffle harvest but is greatly dependant on correct maintenance and appropriate seasonal 
conditions. A greater understanding of processes that influence production and yield 
will greatly benefit the truffle industry.  
 
The long period associated with the development of the truffle may see a number of 
factors affect the quality and quantity of the harvest. The reported independence of the 
ascocarp and its ability to take up water and nutrients from the soil medium suggests the 
benefit of irrigation in managed truffières. It has been shown that dryness in October 
reduces formation of ascocarps and dryness in March and April slows development and 
encourages imperfect maturation (Le Tacon et al., 1982; Mamoun and Olivier 1993a; 
Mamoun and Olivier 1993b). Therefore, yield is likely to be improved with irrigation 
during the warmer months and early autumn prior to seasonal rains. A recent report by 
Roux (1999) indicated a reduced harvest of T. melanosporum in the absence of rain over 
the warmer periods of January and February particularly if dry periods are extended 
beyond 35 days. Recent research at an experimental truffière near Cahor, SW France 
suggests that a good truffle year will be had if there is sufficient rainfall during February 
as defined by the formula: 3T < P < 4T; where T is mean monthly temperature (°C) and 
P is precipitation (mm) (Sourzat, unpublished). It is important to acknowledge this 
formula may be site specific and is likely to vary depending on many factors, most 
notably soil physical characteristics. 
 
As alluded to earlier, the effect of fertiliser application in truffières is largely unknown. 
Literature reporting the use of fertilisers in natural or artificial truffières is rare and what 
data is available indicates no distinct advantage of particular fertiliser additions 
regardless of existing soil fertility. Research has been conducted on nutrient supply and   18
mycorrhizal interactions in other host-fungi examples. This moderate body of material 
will be explored and deductions will be drawn from this material in a later section of 
this thesis.  
1.3  Carbon physiology of Corylus avellana 
Filbert or hazel (Corylus avellana) has a wide distribution around the world primarily 
due to the cultivation of hazelnuts. Occurring naturally in central and southern Europe, 
its distribution now ranges from this region to central North America and the east coast 
of Australia and many other countries primarily as plantation species for nut production. 
A number of cultivars have been bred primarily for increased production of nuts and 
variations exist in the response of these cultivars to environmental factors. Variation in 
growth response to environmental cues is evident, particularly with regard to 
development of reproductive structures and fruit set (Santos et al. 1998). It is important 
to recognise the different forms of carbohydrate in hazel and their utilisation for growth 
and maintenance. There is no record of the major C storage and transport compounds in 
hazel plants and therefore the following review is drawn from a wide range of literature 
on temperate deciduous species. 
 
A number of carbohydrates in plants may be considered as storage and transport 
compounds. Their relative distribution throughout the plant is dependant on a number of 
physiological parameters and plant source-sink dynamics (Hoch et al. 2003). 
Carbohydrate reserves in plants generally constitute soluble and insoluble carbohydrates 
and are often collectively referred to as total non-structural carbohydrates (NC). The 
most common soluble carbohydrate is sucrose which is the primary photosynthate 
produced in the majority of higher plants and also the major form translocated and 
stored in leaves and stems, although it is often reported as having a low storage 
presence in woody roots (Loescher  et al. 1990). The hexose reducing sugars, glucose 
and fructose, are often present in high concentration in the root tissue but not 
necessarily for the purposes of storage (Loescher  et al. 1990). The low level of hexose 
sugars in stems and vascular systems of most plants is a reflection of their “instability” 
or reduction potential (Raven et al. 1992). Rather, sucrose is the preferred form for 
short-term storage in bark and stem tissue as well as transportation of assimilated C.   19
Organic acids are also found in high concentrations in transport fluid and may also be 
found in high concentrations in fine roots (Lambers 1987). 
 
Sugar alcohols, as non-reducing carbohydrates, are common constituents in some 
plants. Sorbitol in the Rosaceae or mannitol in the Oleaceae, Rubiaceae, 
Scrophulariaceae and Apiaceae may be the major photosynthetic product, major 
transport substance, and also an important storage compound in leaves and other tissues 
but appears to be only a minor component of root storage compounds (Loescher et al. 
1990). Many other soluble carbohydrates, such as inositol, xylose, rhamnose, maltose, 
trehalose, arabinose, mannose, and galactose, as well as the sucrose derivatives 
raffinose and stachyose, are known to occur in relatively low amounts in root and shoot 
tissues (Lambers et al. 1998). Raffinose has been identified as a storage carbohydrate 
during dormancy in several tree fruits, roots and shoots (Keller and Loescher 1989) and 
also a major transport solute in Eucalyptus globulus (Pate et al. 1998). 
 
Starch is the dominant insoluble carbohydrate in shoot organs as well as root organs in 
many plants. Wood ray parenchyma in stems, and shoots tend to accumulate starch and 
protein and lipids, with the latter two more common than starch in poplar (Sauter and 
van Cleve 1990), Pinus and Tilia (Hoch et al. 2003). Other insoluble carbohydrates, 
such as hemicellulose, are not known to have a role in storage and are considered to 
serve structural purposes (Loescher et al. 1990). These compounds are often degraded 
in extraction procedures; therefore it is difficult to interpret their role in storage. 
 
Starch reserves vary considerably throughout season and growth stages of different 
plant species. Such fluctuating patterns in starch storage are pronounced in most 
deciduous trees and shrubs that utilise stored reserves for early spring growth and 
subsequent growth phases. Hoch et al. (2003) point out this pattern is observed in many 
studies of young trees (<5 years old) but may not be truly representative of older trees. 
Starch is accumulated primarily in stem and root tissue during the latter stages of the 
growing season and remains there throughout the dormant period except for some 
utilisation for respiration. Amyloplasts accumulate in the storage parenchyma of woody 
stems and roots. This stored reserve is often utilised in winter for respiratory   20
maintenance and for root growth late in winter to early spring, but is primarily utilised 
for early bud development and shoot growth (Alaoui-Sosse et al. 1994).  
 
Many nut and fruit tree species are highly dependant on this starch reserve for 
development of reproductive structures. Fruit production provides a powerful sink for 
such reserves (Hansen 1971; Hansen and Grauslund 1973; Kandiah 1979). Starch 
storage is equally important for the growth and maintenance of respiration of roots of 
most plant species but particularly of deciduous species (Keller and Loescher 1989). 
These seemingly fundamental aspects of carbohydrate flux and turnover are poorly 
represented in the literature despite advances in knowledge of the molecular aspects of 
carbohydrate utilisation and the growing need to understand the C storage status of trees 
to mitigate increasing atmospheric CO2 concentrations (Hoch et al. 2003). The 
significance of C translocation and storage in truffle host species needs to be given 
greater attention to develop a more complete understanding of the fundamental role of 
host C for growth, functioning and, importantly, fructification in the fungal symbiont. 
An improved knowledge of C fluxes and storage in hazel trees in response to edaphic 
factors will assist in developing management strategies necessary for sustained 
production in commercial truffières. These aspects are explored in later chapters of this 
thesis. 
1.4  Aspects of carbohydrate metabolism in mycorrhizas 
While sucrose is considered the dominant sugar translocated in most plants it is not 
utilised for carbohydrate transfer in any known ECM symbiosis (Nehls et al. 2001). It is 
assumed that sucrose is delivered to the apoplast of the host (region of nutrient 
exchange in ECM roots) where it is then utilised by plant acid invertase. The resulting 
hexoses (glucose and fructose) are then taken up by both fungal and host plant cells 
(Nehls et al. 2001). Following this rapid breakdown and transfer of photosynthate to the 
fungal partner, an equally rapid conversion to fungal specific compounds (e.g. trehalose, 
mannitol and glycogen) takes place, resulting in the formation of an extremely efficient 
plant carbon sink (Hampp et al. 1995; Wright et al. 1998).  
 
Nehls et al. (2001) suggest that the regulation of the sink capacity of ECM fungi may 
involve unique strategies by both the fungus and the host plant. These strategies may   21
include compensatory responses, for example, the response of plant photosynthesis to 
mycorrhizal infection is well documented in a number of studies (Lamhamedi et al. 
1994; Miller et al. 2002; Nehls and Hampp 2000). Photoassimilate is generally 
allocated according to production and consumption (source-sink) gradients within the 
translocation stream; therefore it will always be allocated to stronger sink tissues (Lewis 
et al. 2000). Fluxes in photoassimilate consumption have been shown to influence the 
rate of photoassimilate production (Wallander 1995). An excellent example is the 
increased net rate of photosynthesis in mycorrhizal as opposed to non-mycorrhizal 
plants. In a study by Lamhamedi et al. (1994), Laccaria bicolor sporocarp production 
increased net photosynthesis of the host plant and following sporocarp removal, net 
photosynthesis significantly decreased. From these findings, it is clear that changes in 
sink strength can influence patterns of assimilation and relative allocation of carbon.  
1.4.1  Enzyme mediated carbon transfer from host to fungal symbiont 
Finlay and Söderström (1992) suggested that up to 30% of total assimilate is allocated 
to the fungal symbiont which amounts to a significant carbon drain in mycorrhizal 
plants and the fungal symbiont also has the ability to regulate photoassimilate 
production and allocation. Nehls et al. (2001) cites literature implicating enzymes 
involved in the regulation of sucrose synthesis. More importantly in the context of this 
review, are cell wall invertase and sucrose synthase activities in host root cells as 
possible mechanisms of increasing sink strength of mycorrhizal roots (Hampp et al. 
1995; Müller et al. 1998; Müller et al. 1999; Wright et al. 1998). These enzyme 
activities, confined to host tissue, do not appear rate limiting and therefore may only be 
limited by the availability of substrate (Hampp et al. 1995) and/or the inhibition by 
product (Salzer and Hager 1993). It follows that the sink capacity of the mycorrhizal 
partner may be limited by its own uptake mechanisms at the ECM interface. Uptake of 
glucose and fructose needs to occur across the fungal cell membrane where they are 
transformed to fungal specific compounds (trehalose and glycogen) thereby creating the 
sink demand on the host C resource.  
 
Sucrose hydrolysis occurs via two forms of plant wall-bound acid invertase, one tightly 
bound and one ionically bound (Nehls et al. 2001; Salzer and Hager 1993). Salzer and 
Hager (1993) suggest wall bound invertase activity is mediated by the fructose product   22
and they demonstrated competitive inhibition by fructose but not glucose. A preferential 
uptake of product (glucose or fructose) by ECM fungi may be an effective means of 
regulating their sink capacity. The inhibition of invertase activity by accumulated 
fructose could be reduced by preferential uptake of fructose by the fungal symbiont 
thereby increasing the sink capacity of ECM roots. This was postulated as a means of 
sink regulation in Norway spruce (Picea abies) inoculated with Amanita muscaria and 
Cenococcum geophilum. A reduced level of fructose, and to a lesser extent glucose, was 
observed in ECM roots compared to non-mycorrhizal roots (Salzer and Hager 1993) 
providing further support for the conclusion of Salzer and Hager (1993) (Schaeffer et al. 
1995).  
 
The sink capacity of ECM appears to be generated at the apoplastic interface by rapid 
consumption of translocate facilitated by hydrolysis of sucrose to the simpler hexose 
compounds notably fructose and glucose. Following this, there is a need for equally 
rapid transfer of hexose sugars to fungal cells, which generally occurs via a membrane 
transport system. Regulation of monosaccharide transport into fungal cells occurs by  
one known (at present) sugar transport gene (AmMst1) encoding a hexose transport 
protein (Nehls et al. 2001). In studies cited by Nehls et al. (2001), this protein transports 
both fructose and glucose with a strong preference for glucose. This is the first hexose 
transporter gene identified that occurs in ectomycorrhizal fungi, including both Amanita 
muscaria and Cenococcum geophilum. In yeast and other saprotrophic fungi, other 
hexose transporter genes have been identified but homologous genes have not been 
identified in ECM fungi. However, this does not exclude expression of additional 
hexose transporters in ECM fungi. Also of interest is the occurrence of hexose 
transporter proteins in plant cell walls. Hence, there is potential competition for hexoses 
from plant cells in the apoplast. Nehls et al. (2001) suggested this is a means of carbon 
sink regulation in ECM plants. However, expression of the hexose transporter gene 
(PaMst1 in Picea abies) does not increase in mycorrhizal plants unlike the increased 
expression observed for the fungal hexose transporter gene with increased substrate 
availability. This suggests plants do not, firstly, increase their capacity for hexose 
uptake, or secondly, compete for hexose uptake with the fungal symbiont. For this 
reason, Nehls et al. (2001) concluded that fungal activity determines the sink strength 
for carbohydrates in mycorrhizas.  
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To maintain its sink strength, there is a need for conversion of transported plant hexoses 
into fungal metabolites. Monosaccharides are incorporated into maintenance or growth 
metabolism (glucose and fructose) or are alternatively utilised for long-term (glycogen) 
or intermediate (trehalose and mannitol) storage. This may occur under enzymatic 
conditions that are regulated by sugar dependant gene expression. This gene expression 
is likely to vary spatially in mycorrhizal systems. It is clear from Nehls et al. (2001) 
review that sugar availability and partitioning plays a significant role in the regulation 
of gene expression affecting fungal metabolic pathways that influence allocation 
patterns. The review also acknowledged the inadequacy of knowledge about the 
processes controlling the transport and metabolism of carbohydrates in various 
symbiotic compartments. 
 
To date, there is no report to confirm the presence of Mst1 transport proteins in Tuber 
ECM but this is currently assumed to be the primary means of hexose transfer in these 
associations. Similarly, there is no report detailing the significance of photoassimilate in 
ascocarp initiation, growth and maturation in Tuber species however it is implied by 
other studies of ECM (Högberg et al. 2001; Lamhamedi et al. 1994). The development 
period of the Tuber ascocarp coincides with the period of maximum photosynthetic 
activity and presumably maximum allocation of C to belowground root structures. 
Ultimately, the primary means of C input to truffière soils is via the host root system but 
it is not clear if a direct transfer of hexoses exists between the plant host and the 
developing  Tuber ascocarp via ECM structures or whether the ascocarp absorbs C 
indirectly from the host as implied by the work of Barry et al. (1994a, b). An 
understanding of these aspects of C utilisation by Tuber ECM is critical for 
understanding C nutrition of ascocarps. 
1.5    Aims and objectives of the thesis 
It is the significance of the host plant in supplying C to the symbiont and the factors 
likely to impact on such processes that is of greatest importance in this thesis. This 
thesis has the general aim to contribute to the understanding of the pedological, climatic 
and biotic factors that influence the C dynamics of the host plant and to evaluate the 
subsequent impact on Tuber melanosporum growth and development. This work was 
initiated in January of 2001 and was carried out at the Hazel Hill truffière near   24
Manjimup in Western Australia. Seedlings of C. avellana and Q. robur were inoculated 
and raised in a nearby nursery for 18-months before being planted during mid-summer 
in 1996. Seedlings were inoculated with Tuber melanosporum spores obtained as freeze 
dried and powdered sporocarps from Pébeyre Truffes, Cahor, France. Inoculated 
seedlings were planted at 3m intervals with 5 m interow spacings. C. avellana was the 
primary host planted at the site with Q. robur seedlings planted randomly throughout 
the site and comprised less than 5% of all trees planted. The site was irrigated during the 
dryer months to provide adequate soil moisture to promote root growth and ECM 
development. Weed control was carried out along the planted row with the interow 
slashed to maintain a low grass cover. Truffle production at the study site began late in 
the duration of this study. In July of 2003 a single truffle (200 g) was harvested from 
beneath an oak (Q. robur). No truffles were harvested under hazels during 2003. The 
2004 season ended with 4.5 kg of truffle produced from the 20 ha site. The majority of 
truffles were found beneath oaks with one oak tree producing in excess of 1 kg. The 
lack of sufficient production levels limited experimentation on ascocarp development 
and experiments were confined to examining fungal response in terms of mycorrhizal 
colonisation and this may not truly reflect future responses in ascocarp production. This 
thesis had the following objectives;  
 
•  Review the literature relating to truffles and aspects of C physiology of both the host 
and ectomycorrhizal symbiont (Chapter 1).  
•  Examine and compare the climate and soil characteristics of European truffle 
growing regions and those of the southern hemisphere and to assess the potential of 
trufficulture in Western Australia based on the information gathered (Chapter 2).  
•  Observe the seasonal C dynamics in translocation streams and storage reserves, as 
well as the mycorrhizal status of hazel with respect to the life cycle of the black 
truffle (Chapter 3).  
•  To observe the factors influencing C uptake patterns of hazel and examine the 
climatic limitations of the host plant (Chapter 3).  
•  Examine the effect of liming of an indigenous soil on biomass allocation and gas 
exchange properties of the host, as well as mycorrhizal status of the black truffle and 
contaminant ECM fungi (Chapter 4).  
•  Examine the effect of inorganic N and P fertiliser application to determine if the 
prescribed levels inhibit mycorrhizal development of the black truffle. The effect of   25
fertiliser treatment on physiological aspects of the host plant will also be detailed 
(Chapter 5).  
•  Examine the physiological aspects of hazel in response to silvicultural treatments, 
specifically, the effect of canopy pruning on C translocation and storage in the host 
as well as the impact on soil temperature and moisture (Chapter 6).  
•  Summarize and discuss the significant findings of the thesis and identify future 
research priorities (Chapter 7).  
 
The relationship of the chapters is represented in Figure 1.3. 
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Chapter 2 
Comparisons of climate and soil of French black truffle growing 
regions 
2.1 Introduction 
Climate and soil is critically important for both the host tree and fungal symbiont. The 
interaction of these two factors is poorly understood and an increased knowledge should 
improve cultivation techniques and ultimately yield of the black truffle. There have 
been many approaches over the decades and even centuries to evaluate the most 
successful and effective way of cultivating black truffles (Chapter 1). In more recent 
times we have seen the introduction and successful production of black truffles outside 
Europe (the Americas, New Zealand & Australia particularly). Any differences in 
climatic conditions and soil properties, both physical and chemical, in these new regions 
would indicate a greater edaphic range of the black truffle than previously known. 
However, little attention has been given to the many components of climate and soil that 
may be involved in fructification of this species. Variation in temperature, humidity, 
CO2, light and substrate nutrient concentrations, for example, are all factors that can 
affect fruit body initiation in edible fungi but these can also be important for growth and 
maturation of sporocarps as well as adequate spawn run (Oei 2003). For this reason, 
comparing important climatic and soil conditions of new areas against established sites 
is important for identifying potential sites. This chapter has the broad aim of describing 
the climate and soils of the south-west region of Western Australia in relation to other 
truffle producing regions of the world. The material presented here also provides a basis 
for discussions relating to local soil and climatic conditions in later chapters. 
 
2.1.1 Climate 
Climatic requirements for truffle production vary among Tuber species and should be 
viewed in conjunction with soil pedological factors that also influence the soil 
microclimate. Generally, the climatic requirement for production of the black truffle 
appears to range within the common bounds of a wet, cool winter and a cool to warm  27
summer with intermittent rain during the warmer months. Sourzat (1994) describes a 
favourable climate as a warm and wet spring, dry summers with intermittent storms, 
autumns without early frost and winters that do not have prolonged conditions below -
10°C (air temperature). Hall et al. (2001) suggested the range might be wider than those 
currently known to be successful in North America, New Zealand and Tasmania, even 
though little is actually known about the success of truffle production in the USA.  
 
It is common for European truffières to experience frost during the winter months yet 
frost has not been recorded in the first producing truffière at Gisborne, NZ (Hall et al. 
2001). Further, prolonged low temperatures and ground frost are known to be 
detrimental to truffle growth and development (Giovannetti et al. 1994; Hall et al. 2001; 
Sourzat 1994). This suggests that low temperatures or ground frost may not be 
necessary for the reproductive development of the black truffle and further evidence to 
support this comes from the as yet unsuccessful production of truffles south of 
Christchurch, NZ (-43.0ºS) where ground frost is prevalent (Hall et al. 2002).  
 
Other climatic factors often considered important in establishing a commercial truffière 
include monthly values of day length, sunshine hours, humidity, vapor pressure deficits 
and evaporation. The relative importance of many of these factors has not been explored 
in any great detail and is notably lacking from the literature. Hall et al. (2001) has 
acknowledged some of these factors in providing comparative background information 
for establishing truffières outside of Europe but no specific detail is given as to which, if 
any, of these are important to ensure sustained truffle production.  
 
Climatic conditions considered suitable for the two most valuable Tuber species (T. 
magnatum & T. melanosporum) differ significantly, with T. magnatum preferring 
cooler, less exposed areas during the warmer summer months where rainfall is spread 
evenly throughout the year (Hall et al. 1998). In natural truffle growing areas, T. 
magnatum ascocarps are found beneath the canopy of host trees where air and soil 
temperature is buffered compared to more exposed sites. Generally, soils at 10 cm depth 
in these areas rarely exceed 20°C and similar soil conditions are more likely at higher 
elevation e.g. >200 m a.s.l. (Hall et al. 1998). Greater extremes in air and soil  28
temperatures and soil moisture are tolerated by T. melanosporum resulting in its broader 
distribution across Europe in natural and artificial truffières and in the southern 
hemisphere. Figure 2.1 illustrates differences in microclimate at indigenous (natural) 
truffle sites specific for these two valuable fungi. The black truffle prefers the more 
exposed, often drier soils compared to the white truffle that prefers the cooler, moist 
conditions offered by a dense canopy. Hence, it is important to acknowledge that 
European truffle growing regions often have contrasting climatic conditions that are 
specific to truffle species and their plant host. 
 
To identify and examine the physiological interactions of host trees and their associated 
truffle fungi, it is important to evaluate the effect of climate on the host species. Day 
length influences the seasonal activity of plants and has consequences for carbon 
demand and supply. Light intensity has direct consequences for the activity of the 
photosynthetic apparatus and therefore the active process of carbon fixation. 
Atmospheric vapour pressure deficits largely control rates of transpiration and stomatal 
conductivity of CO2 and have consequences for net C uptake. These aspects of climate 
in a commercial truffière have not been documented in any detail. The general aim of 
this section is to document and summarize the meteorological data (including soil 
temperature and moisture) from the Hazel Hill site and other truffle growing regions as 
well as provide comparisons for potential truffle growing regions of Western Australia. 
 
Figure 2.1: Site comparison of the (a) black truffle (T. melanosporum) near Cahor, France 
and (b) white truffle (T. magnatum) near Bologna, Italy.  
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2.1.1 Soils 
The soils of European truffières are characterized by their highly alkaline nature and 
high levels of Ca and CO3 activity as a result of their high limestone content. Soil pH 
generally lies above 7.5 or at an optimum of 7.9 and areas within France are said to 
produce the best black truffles where there are iron-rich, red limestone deposits (Hall et 
al. 2001). Callot (1999) identifies rendosols and calcisols (calcarisols) as ideal soil types 
for black truffle production but physical characteristics are considered equally important 
for selecting suitable sites. The distribution of such soil types does not always coincide 
with the climatic conditions considered suitable for black truffle production. Therefore, 
lime amendment of acidic to neutral soils in North America, New Zealand and Australia 
is necessary to attain the desired pH levels. Plants grown in high soil pH often exhibit 
Fe deficiency as well as other key nutrient deficiencies and such deficiencies have been 
observed in established truffières in New Zealand (Hall et al. 2001). Mineral nutrition in 
host species is an important consideration in alkaline soils given the variation in nutrient 
availability and uptake rates of specific nutrients. Nutrition and availability of soil 
nutrients need to be closely monitored in truffières. This section provides a comparison 
of physical and chemical aspects of soils of truffle growing regions of the world and 
those of potential localities in southwestern Australia.  
 
2.2 Materials and Methods 
2.2.1 Climate 
Data were collected from a range of sources although there was difficulty in obtaining 
detailed climate data from European and other overseas truffle growing sites. The 
primary source of generalized climate data for truffle growing regions of France were 
taken from Gladstones (1991) who described the climate of that country’s wine growing 
regions. Other data were sourced from French (www.meteofrance.com) and Spanish 
(www.inm.es) meteorological websites. Site specific soil temperature data for le Montat 
research station, France were obtained courtesy of P. Sourzat. The Australian Bureau of 
Meteorology (http://www.bom.gov.au) maintains a database of permanent recording 
stations throughout Australia and was the primary source of generic and specific climate 
data. Agriculture Western Australia (http://www.agric.wa.gov.au), similarly, maintains  30
permanent recording stations at major research centers around the state of WA. Stations 
with annual rainfall above 600 mm were chosen for comparison as this rainfall is 
considered the minimum annual rainfall for successful production in Europe (Hall et al. 
2001). Where comparisons of northern hemisphere (NH) sites are made, the 
corresponding seasonal dates (month) are used and the data are expressed in the context 
of the southern hemisphere (SH). Figure 2.2 indicates the rainfall isohyets and the 
distribution of sites in south-western Australia for which climatic comparisons are 
made. 
 
Data collection at the Hazel Hill site began with the installation of an automated 
telemetry system during August 2001. The system was provided by Agrilink services 
(Adelaide) and involved a number of probes collecting a range of information. 
Precipitation, humidity, air and soil temperatures were recorded in a single fixed 
position whereas soil moisture was replicated at 4 stations across the site. Soil moisture 
was measured using capacitance or “C-probes” and each set comprised 3 measuring 
points at 10, 30 & 60 cm depth with the exception of one probe that had an additional 
Figure 2.2: Map of south-western Australia indicating rainfall isohyets and sites (blue) 
from which climatic conditions were compared with other truffle growing sites of 
Europe and the Southern Hemisphere. 
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reading at 120 cm depth. A scan rate of 1 minute and a logging interval of 15 minutes 
were employed for all measured parameters. Data were made available via the Agrilink 
website (www.agwise.net.au) that enabled download of data for later interrogation. 
Total daily solar radiation was not measured at the Hazel Hill site but was provided by 
the Manjimup Horticultural Research Institute (AgWA) located 6 km to the southeast of 
Hazel Hill and was considered representative of the study site.  
 
Vapour pressure deficit (VPD) was calculated using the derivation of Sturmann and 
Tapper (1996) which states that VPD = e-es where e is the current vapour pressure (Eq. 
2.1) and es is the saturation vapour pressure at a given temperature (Eq. 2.2). However, 
data for the study site did not include atmospheric pressure (Ap) hence an adaptation of 
Eq. 2.2 was required whereby e is calculated from relative humidity (rH) using Eq. 2.3 
(G. Cook pers. comm.).   
 
s
17.27 x T
e exp 1.8096
237.3 + T
⎛⎞ ⎛⎞ =+ ⎜⎟ ⎜⎟
⎝⎠ ⎝⎠
        Eq.  2.1 
 
    Where;  exp = inv natural log 
          T = temperature (K) 
(after Sturmann & Tapper 1996) 
 
( ) w e  es - A   T - T p =         Eq.  2.2   
 
  Where; e = vapour pressure  
es = saturation vapour pressure 
    A p = atmospheric pressure 
     T = air temperature (K) 
    T w= wet bulb temperature (K) 
     A = constant for conditions of thermometer 
 
s  e   rH x e /100 =          E q .   2 . 3  
   
  Where; rH = relative humidity 
 
Specific patterns of climate were highlighted for observation particularly the response 
of soil moisture and temperature to intermittent rainfall and irrigation. Irrigation at the 
Hazel Hill site was carried out during the summer months and was delivered via a 
microspray system. The general practice at the Hazel Hill site was similar to regimes  32
applied in Tasmanian truffières. Irrigation began in late spring to early summer during 
the study period and generally ceased when regular rainfall returned during the April to 
May period.  
 
2.2.1 Soils 
Comparisons of natural and artificial truffle grounds were made through the available 
literature. A limited amount of material describing physical and chemical attributes of 
soil of European truffle growing regions was available although Callot (1999) provides 
considerable detail of specific soils. Soil physical attributes of potential truffle growing 
regions of Western Australia were taken from the published works of Churchwood et al. 
(1988) and Churchwood (1992) and land quality assessments of south-west areas were 
sourced from Runge and van Gool (1999) and van Gool and Runge (1999). Other 
supplemental material included descriptions by McArthur and Clifton (1975), Isbell 
(1996) and Tille (1996). Soil chemical characteristics were compiled for a number of 
individual soil pits (indigenous soils) located throughout the >800 mm rainfall zone 
reported in McArthur (1991). Chemical characteristics of soils of the northern 
hemisphere were derived from the literature and related, specifically, to T. 
melanosporum sites. The CSPB Futurefarm laboratories (Bibra Lake, Western 
Australia) conducted analysis of soil (0-30 cm depth) from the Hazel Hill study site.  
 
2.3 Results and discussion 
2.3.1 Climate 
The potential range of truffle growing sites in Western Australia is explored in Table 
2.1 against known productive and non-productive sites in both hemispheres. Basic 
climatic data are presented indicating, generally, that WA sites have warmer winters 
than experienced in truffle producing regions of Tasmania, New Zealand and Europe. 
However, the annual and summer temperatures are only marginally higher at the WA 
sites. The comparison of annual amplitude (annual range/2) in air temperatures between 
sites vary considerably but it is clear that sites in the SH have lower amplitudes in 
temperature than those experienced by European sites. The cumulative degree-days of  33
the Deloraine truffière (Tasmania) are clearly lower than the range for European truffle 
sites but WA sites are within or marginally above the same range.  
 
Further comparisons are presented in Figure 2.3 presenting data for the growing season 
of trufficultural regions of France and specific sites of south-western Australia based on 
the climate tables assembled in Tables 1-3 in Appendix I. Climates of both regions are 
very similar for the duration of the plant growing season except that areas of south-west 
Australia are warmer toward the beginning and end of the plant growing season as 
indicated by mean daily and mean minimum air temperatures. This agrees with the 
warmer winter daily temperatures observed in Table 2.1. Mean daily maximum 
temperatures of the Australian mainland sites are generally higher than the NH areas, 
particularly those localities in central regions of the south-west (Donnybrook and 
Collie). The shape of the temperature curve differs between the two regions with NH 
sites experiencing a more rapid increase in temperatures from mid-spring to early 
summer and an equally rapid decrease thereafter. It is important to recognize the 
maritime effect could reduce variation in minimum temperatures of south-western WA 
regions. Sunshine hours over the growing period are generally within the range of the 
NH sites except for maximum sunshine hours in Albany, Frankland and Manjimup 
occurring a month earlier (December) than the remaining WA sites and the combined 
NH sites. Annual sunshine hours at all Australian sites, as presented in Table 2.1, are 
within the range observed for the NH.  
 
The greatest difference between the European trufficulture regions and the WA sites is 
in rainfall (Figure 2.3). Clearly a winter rain-fed truffière in Western Australia is 
unlikely to yield significant quantities of truffles given both the rainfall profile of NH 
sites and the documented benefit of supplemental irrigation in these truffières 
mentioned later in the chapter. Rainfall is distinctly seasonal in south-western Australia 
with only 21-37% of the annual rainfall occurring between October and April (summer 
period). This compares with 51-69% in the selected areas of France, 55-75% in northern 
Spain, 50-57% in selected sites of New Zealand and 45-60% in truffle producing 
regions of Tasmania. Annual rainfall is higher in WA but rainfall during the growing 
season (October to April) averages only 55.7 and 63.8% of that of French and  34
Tasmanian trufficulture sites, respectively. The consequence for root growth and 
mycorrhiza development is that it is likely to be limited by soil moisture. Hence 
successful trufficulture in the southwest of WA is highly dependant on the storage or 
availability of quality water for irrigation purposes. 
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Table 2.1: Climatic comparison of known truffle producing sites in the NH and SH and a number of sites of south-west WA. Sites in WA 
correspond to localities shown in Figure 2.2. 
Air temperature   
Latitude 
(°) 
Annual 
Rainfall 
(mm) 
Annual 
Evaporation 
(mm) 
Monthly 
highest 
summertime 
3pm VPD 
(mPa) 
Annual 
sunshine 
hours 
Annual 
mean daily 
(°C) 
Summer 
mean 
daily (°C) 
Winter 
mean 
daily (°C) 
Annual 
amplitude 
(°C) 
Cumulative 
degree days 
(>10°C) 
France & Italy
 ⊗  41-47 600-1200  n/d  n/d  1900-2800 9.2-15.0 17.5-22.0 1.0-8.0  7.0-8.2  900-1900 
Northern Spain
◊ 39-42  318-724  n/d  n/d  2183-2689  10.4-17.3  20.0-25.8  2.9-10.4  7.3-9.7  n/d 
New Zealand (productive)
 ⊗  38-43 729-4058  n/d  n/d  1704-2397 11.8-13.8 17.1-18.5  6.5-9.2  4.4-5.5  1038-1493 
New Zealand (non-productive)
 ⊗  43-45 522-648  n/d  n/d  1095-1999 10.6-11.3 16.4-17.0  4.9-5.6  5.6-5.7  600-974 
Deloraine, Tas.
■ 41.5  1388  n/d  14.3 2336 10.9 15.7 5.9  4.9  729 
Hazel Hill, WA  34.2  1023  n/d  21.3 2198 14.0 19.2 9.5  4.8  1406 
AgWA Res. Inst. (Manjimup)
† 34.2  940  1335  n/d  2198  14.5  19.6  10.3  4.6  1714 
Albany, WA
☼ 34.5  669  1436  12.7  2364  15.4  19.4  11.5  3.9  2001 
AgWA Mt Barker Res. Stn.
† 34.4 526  1455  n/d  2350
* 14.9  19.6 10.4  4.6  1789 
Frankland Vineyards, WA
☼ 34.2  615 1350  19.9 2350
* 15.2  20.6 10.4  5.1  1732 
Pemberton, WA
☼ 34.2  1202  1023  17.1  2323  15.1  19.9  11.0  4.4  2050 
Bridgetown, WA
☼ 33.5  834  n/d  29.9  2450
* 15.1  20.8 10.0  5.4  2174 
Witchcliffe, WA
☼ 33.5  1195  n/d  n/d  2450
* 14.9  19.3 11.0  4.1  2617 
AgWA Vasse Res. Stn.
‡ 33.7  676  1369  n/d  2450
* 15.9  21.4 11.1  5.1  2167 
Jarrahwood, WA
☼ 33.5  839  1210  26.0  2450
* 15.5  21.4 10.6  5.4  2057 
Donnybrook, WA
☼ 33.4  789  n/d  28.0  2500
* 16.3  22.3 11.0  5.6  2356 
Collie, WA
☼ 33.2  944  n/d  28.9  2500
* 15.5  21.8  9.8  6.0  2232 
Wokalup, WA
☼ 33.1  964  1806  n/d  2667  17.3  23.5  12.4  5.5  n/d 
Dwellingup, WA
☼ 32.4  1011  1303  27.7  2572  15.6  21.9  10.2  5.8  2274 
Karnet, WA
☼ 32.2  949  1333  31.7  2600
* 16.5  23.0 10.7  6.2  2460 
 
⊗ Taken from Hall et al., 2002. 
◊ Data collected from Castellón, Soria, Huesca, Girona, Lleida, Logrońo, Pamplona, Reus, Tortosa, Turuel and Zaragoza of Spanish 
truffle growing regions (M. De Roman, pers. comm.). 
■ Provided by Tasmanian Truffle Enterprises, Tasmania. 
† Mean values 1990-2003. 
☼ BOM daily datasets for 
1997-2003, although where data was insufficient annual figures were based on long-term averages. 
‡ Mean values 1991-2003. 
* Estimated from BOM maps. 
⌂ Provided 
by W.A. Dunstan from air temperature data collected from a 23-year-old Pinus radiata plantation during 2000-2001. Rainfall and evaporation figures are taken from 
the neighbouring locality of Karridale. 36
 
I. Hazel Hill Truffière 
Figure 2.4 illustrates mean air temperature, VPD and soil temperature on a daily 
timescale at the Hazel Hill site for the duration of the study and clearly indicates a 
Mediterranean climate. Mean daily air temperatures did not often exceed 25°C during 
summer and did not fall below 5°C during the cooler months. VPD was calculated as 
the mean daily figure for the hours between 0800 and 1900 and does not represent daily 
maximum figures. The data generally indicate that high daytime VPD’s are not 
sustained for extended periods during summer. At no point during the study period did 
soil temperatures exceed 22°C nor did they fall below 6°C. A decrease in soil 
temperature occurred during April of 2003 that coincided with a significant rainfall 
event as indicated by the rainfall patterns given in Figure 2.5. Winter soil moisture 
Figure 2.3: Comparisons of plant growing season (Oct-Apr) mean monthly 
maximum, daily mean, mean monthly lowest temperature, sunshine hours and rainfall 
of trufficultural regions of France and selected sites in south-west WA. Upper and 
lower limits of French sites (coloured lines) are defined by maximum and minimum 
range values, respectively. 
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oscillated between 32 and 36% w/v during the winter months, dropping to between 28 
and 32% w/v during summer.  
 
The distinctly seasonal rainfall pattern discussed earlier is evident in Figure 2.5 as is the 
significance of irrigation in maintaining adequate soil moisture during periods of 
greatest evaporative demand. A change in irrigation regime was implemented during the 
2003/04 season. The 2001/02 and 2002/03 growing seasons were characterized by a 3-
day cycle of ~10 ml rainfall equivalent. Drying cycles were observed in response to this 
cycle (Figure 2.5). During the 2003/04 season, an extended cycle (7 days, 20 ml rainfall 
equivalent) was employed creating a very distinct drying cycle between watering. Soil 
moisture at depth (30 cm) across the measured period was replenished only by the 
breaking rains of April and May and significant rainfall events during the summer 
period. Irrigation was found to influence only the upper 20 cm of soil despite the change 
in watering regime. An equal volume of water was supplied during each year (270-340 
ml) but resulting in distinctly different patterns in soil moisture.    38
 
 
 
 
Figure 2.4: Mean daily air temperature, VPD (0800-1900) and soil temperature (10 cm depth) at the Hazel Hill site between November 2001 and 
August 2004. 
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Figure 2.5: Soil moisture, rainfall/irrigation events and evaporation rate at the Hazel Hill site between November 2001 and August 2004.  40
II. Soil temperatures 
Mean monthly soil temperature data (10 cm depth) from selected truffières in the SH 
were compared with that of the le Montat research station near Cahor, France (Table 2.2 
and Figure 2.6). Mean annual soil temperatures across all truffières of the SH varied by 
only 4°C while highest mean monthly summertime temperature was more than 5°C 
higher at the le Montat site than any other producing site (n.b. a limited amount of data 
were available from the le Montat site). Only the AgWA Research stations at Manjimup 
and Vasse (non-truffières) had higher mean summertime temperatures, most likely the 
result of a lack of tree cover at these collection points. The WA sites had lowest mean 
minimum temperatures greater than 10°C (range: 10.4-12.8°C) while the lowest values 
were recorded at the Gisborne site (3.2°C). The le Montat site had a markedly higher 
annual amplitude in soil temperature than any site in the SH indicating greater seasonal 
variation at NH sites (further supported by data in Reichstein et al. (2002)). The lowest 
recorded annual amplitude occurred at the Hazel Hill truffière, although one of the 
highest recordings for the SH was from the neighboring AgWA Research Institute 
presumably due to a lack of canopy cover at the site resulting in higher mean summer 
temperature.  
 
Clearly, the Hazel Hill site has much lower seasonal variation compared with the le 
Montat site. The observed differences could be the result of the less dramatic 
continental effect experienced in the southern parts of WA as well as effects of altitude 
that occurs for example, in the Mid-Pyrenees region of France. Irrigation at the Hazel 
Hill truffière is frequent (discussed earlier) during the warmer months and may 
contribute to lower summer soil temperatures at the site. This is a valid explanation for 
the differences in soil temperature observed between Hazel Hill and the AgWA 
Research Institute at Manjimup where irrigation is not applied (Table 2.2) and may 
contribute to observed patterns of soil temperature. An additional aspect to consider is 
soil texture and management practices employed at individual truffières. The heavy 
loam soils encountered at Hazel Hill may be less responsive to fluctuations in ambient 
air temperature than the open textured soils encountered at many French sites such as le 
Montat. It is not known if rapid changes in temperature are involved in fructification of 
T. melanosporum as postulated by Hall et al. (2002). Many truffières in France and New  41
Zealand have experienced a decline in mean annual soil temperature and presumably 
diurnal ranges as a result of extensive canopy growth and even canopy closure at some 
sites (G. Chevalier and I. Hall pers. comm.). The resulting environment of low light 
penetration is strongly linked to a decline in production presumably due to a lack of soil 
warming during early spring. 
 
Clearly, there need to be studies undertaken in the future to compare the effect of abiotic 
factors, soil texture and soil management practices as well as management practices at a 
range of productive and non-productive truffières to evaluate the significance of soil 
temperature on ascocarp initiation, growth, maturation and overall yield. Answering 
such questions will require the gathering of extensive datasets across a range of sites in 
countries of both hemispheres.  
 
 
 
Table 2.2: Comparison of mean monthly soil temperatures (10 cm depth) of truffle 
growing regions of the SH and le Montat research station near Cahor, France and 
potential sites in WA. Shaded text indicates non-truffiere sites. 
Mean soil temperature at 10 cm depth (°C) 
Location 
Annual  Highest 
monthly 
Lowest 
monthly 
Annual 
amplitude 
Le Montat, Fr. 
* 14.8  25.7  5.4  10.1 
Hazel Hill, WA (Manjimup) 
‡ 14.2  17.5 10.4  3.5 
Deloraine, Tas. 
¥ 10.8  16.4  5.4  5.6 
Bay of Plenty, NZ 
Θ 10.8  16.0  4.6  5.7 
Ashburton, NZ 
Θ 13.3  17.6  9.1  4.2 
Gisborne, NZ 
Θ 11.0  16.8  3.2  6.8 
North Canterbury, NZ 
Θ 15.5  20.6  9.5  7.5 
Paraparaumu, NZ 
Θ 12.7  17.8  6.1  5.8 
Retaruke, NZ 
Θ 13.1  19.6  6.3  6.6 
AgWA Res. Stn. (Mount Barker) 
Ω  18.3  25.3  11.2  7.1 
AgWA Res. Institute (Manjimup) 
†  17.7  26.0  10.8  7.6 
AgWA Res. Stn. (Vasse) 
₪  21.0  31.1  12.8  9.1 
Witchcliffe, WA 
ς  13.8  17.6  12.2  2.7 
* Based on 6 month average only (Jan-Jul, 2004). 
‡ Based on 2002-2003 season. 
¥ Values for 2 
years 2003-2004. 
Θ Taken from Hall et al. (2002) and based on two years of data (2000-2001).  
Ω Open pasture site, 1990-2003.
 † Non-truffière site. Drawn from 8 years of data (1996-2003).    
₪ Open pasture site, 1991-2003. 
ς Non-truffière site. Taken from 2000-2001 data in a 23-year-
old Pinus radiata plantation. 
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2.3.1 Soils 
The soils of European truffières are most often calcareous in origin, have high levels of 
CaCO3, moderately high levels of organic matter (up to 8%), high levels of plant 
available Mg, moderate levels of P and low levels of Na. Typically, soils are free 
draining and well aerated with highly granular structure and overlay deeply fissured 
limestone rock (Callot 1999).  The nature of the sub-soils in European regions is 
considered the most important factor in distinguishing productive from non-productive 
truffle sites (Callot 1999).  Calcareous soils of low sodicity that are suitable for 
trufficulture are scarce in southern Australia (Isbell 1996). Many of these soils have 
already been used for intensive horticulture, such as in the Coonawarra district of South 
Australia, or they are located outside the climatic boundaries suitable for truffle 
cultivation. Hence, acidic soils of various types are being used for trufficulture 
following amendment with large quantities of lime and gypsum to increase soil pH and 
active CaCO3 levels.  Application rates are determined empirically, and are typically in 
the order of 30-120 t ha
-1, depending on the existing buffering capacity of the soil. Hall 
et al. (2001) suggested application of 1 tonne of lime for every 0.1 pH unit that is 
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Figure 2.6: Comparison of mean monthly soil temperatures from le Montat research 
station near Cahor, France (6-months) and a range of SH sites over a two-year period. 
Error bars indicate the minimum and maximum range from the mean of six producing 
truffières in New Zealand over a 2-year period. 
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required to reach the desired level, but it is important to stress that the exchange 
capacity of individual soils will dictate application rates. 
 
Establishment of commercial truffières in New Zealand on various soil types 
demonstrates a tolerance by T. melanosporum to differences in soil structure and 
chemical composition. Of the producing truffières in NZ, those near Bay of Plenty and 
Taumaruniui, are located on relatively rich volcanic soils with an original pH of 6.2 and 
5.3, respectively, but different soil types occur in truffières located near Gisborne 
(alluvium), North Canterbury (rendzina) and Nelson (heavy clay) (Hall et al. 2002). 
Lime and gypsum treatments have raised the pH on these soils with little further 
treatment. Another producing truffière was established on deep sand-textured soil, 
however, production was delayed taking 12 years for the appearance of ascocarps (I. 
Hall, pers. comm.). This clearly demonstrates versatility in soil preference of T. 
melanosporum suggesting other factors may be more critical in the production of 
ascocarps in this species.  
 
Figure 2.7 provides a generalised illustration of soil types of south-western WA and 
indicates there are few sites with soils of calcareous origin with the exception of small 
isolated coastal areas to the north and south-east of Augusta (circled). Deep calcareous 
soils indicated to the SE of Augusta are unavailable due to their tenure as National Park 
and those located to the north are located in variable tenure although much of the area is 
considered prime viticultural land (Gladstones 1991). Much of the coastal plain that 
extends from south of Bunbury to north of Perth has moderate to poor internal and 
external drainage as indicated in Figure 2.7. The moderating effect of the ocean on air 
and soil temperatures in the coastal zones is well demonstrated by the Witchcliffe soil 
temperatures presented earlier and are not considered ideal for truffle production. As a 
result such areas would be excluded from consideration as a potential site. Gravelly soil 
types indicated by the green shades are considered most suitable for trufficulture, 
withstanding climatic considerations and adequate rainfall and suitable water for 
irrigation. The eastern margins (beyond the 600 mm rainfall isohyet) of this zone 
(Figure 2.2) would be excluded for reasons of inadequate rainfall but consideration 
should also be given to the increased risk of soil salinity in the margins east of the 1000  44
mm isohyet (Runge and van Gool 1999) as well as groundwater salinity (Figure 2.8) in 
areas receiving less than 1100 mm annual rainfall.  
 
The soils of south-west WA are typically acidic with a high rate of P fixation and 
various levels of organic matter depending on past and present vegetation cover. Soils 
of the Manjimup region are derived from laterite remnants on the upland sites resulting 
in an ironstone gravelly, sandy loam soil matrix. Where the laterites have been 
dissected, red and yellow podzols and red earths occur that are derived from acid-basic 
gneisses (Wells and Hawley 1982). They are generally porous throughout and gravel 
may be present to various proportions. The Australian soil classification (ASC) (Isbell 
1996) identifies many of the soil types in the region as Chromosols, Kandosols and to a 
lesser extent Dermosols. Table 2.3 provides classification of the soil types and their 
relative proportions in various shires and localities of the south-west region based on the 
1:250,000 mapping classification of Northcote et al. (1967). The predominant soils of 
the regions are the duplex or “Dy” soils which correspond to the Chromosol 
classification of Isbell (1996). Table 2.3 also provides an estimate of land available 
within each shire and indicators of land quality. The capability for perennial horticulture 
within these shires is based on assessments of soil and landform capability conducted by 
Agriculture Western Australia (AgWA) as detailed by Runge and van Gool (1999) and 
van Gool and Runge (1999). It is important to acknowledge this assessment excludes 
influences of climate and the availability of suitable water resources for irrigation. 
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Figure 2.7: Generalised soil descriptions for south-west Western Australia. Circled 
areas represent the presence of naturally alkaline soils. (Land resources assessment 
group 2002). 
Figure 2.8: Groundwater salinity (TDS) of the south-west region of Western Australia 
relative to specific locations. (Department of Environment, 2004).  46
 
Table 2.3: Land quality and soil types of shires and localities of south-western 
Australia. 
 
Shire Shire 
area (ha) 
Sub-surface 
acidification 
(%)
ζ 
Surface 
salt 
(%)
ς 
Perennial 
horticulture 
capability (%)
† 
Locality Factual  soil 
key
‡ 
Relative 
proportion
¥ 
Mount 
Barker 
Dy 3.81 
Uc 2.3 
D 
SD 
Plantagenet 487,260  L=  6 
M= 35 
H= 27 
P= 0 
L= 66 
M= 0 
H= 2 
I= 28 
II= 25 
III= 16  Rocky 
Gully 
Dy 3.81 
Uc 2.1 
D 
SD 
Denmark 190,720  L=  9 
M= 20 
H= 25 
P= 0 
L= 53 
M= 0 
H= 1 
I= 16 
II= 17 
III= 22 
Denmark Dy  3.61 
Dy 3.42 
Uc 2.33 
Um 5.21 
CD 
CD 
M 
M 
Cranbrook n/d  L=  n/d 
M= n/d 
H= n/d 
P= n/d 
L= n/d 
M= n/d 
H= n/d 
I= n/d 
II= n/d 
III= n/d 
Frankland Dy  3.81 
Dy 3.21 
Dy 3.42 
Uc 2.1 
D 
SD 
M 
M 
Manjimup Dy  3.61 
Dy 3.62 
D 
M 
Nyamup Dy  3.61 
Dy 3.62 
D 
M 
Pemberton Dy3.62  D 
Northcliffe Dy  3.62 
Dy 5.81 
Dy 3.61 
D 
SD 
M 
Nyamup Dy  3.61  D 
Manjimup 702,530  L=  3 
M= 10 
H= 6 
P= 0 
L= 18 
M= 0 
H= 0 
I= 8 
II= 6 
III= 5 
Lake Muir  Vc 2.1 
Dy 3.61 
D 
M 
Nannup Dy  3.81 
Dy 3.61 
Dr 2.22 
CD 
CD 
M 
Brockman Dy  3.81 
Dy 3.61 
CD 
CD 
Nannup 293,480  L=  4 
M= 6 
H= 12 
P= 0 
L= 23 
M= 0 
H= 0 
I= 4 
II= 6 
III= 13 
Cambrey Dy  3.61  D 
Bridgetown-
Greenbushes 
133,760 L=  15 
M= 24 
H= 13 
P= 0 
L= 51 
M= 0 
H= 2 
I= 14 
II= 24 
III= 14 
Bridgetown Dr  2.22 
Uc 4.2 
D 
M 
Busselton 145,520  L=  17 
M= 47 
H= 6 
P= 0 
L= 65 
M= 3 
H= 1 
I= 10 
II= 13 
III= 47 
Sussex Gn  2.94 
Dy 3.61 
D 
M 
Boyup 
Brook 
282,540 L=  5 
M= 17 
H= 11 
P= 0 
L= 32 
M= 0 
H= 3 
I= 10 
II= 15 
III= 10 
Boyup 
Brook 
Dy 3.21 
KS Vc 4.2 
Dy 3.81 
D 
SD 
SD 
Donnybrook-
Balingup 
155,820 L=  19 
M= 19 
H= 10 
P= 0 
L= 5 
M= 0 
H= 0 
I= 13 
II= 25 
III= 11 
Donnybrook Dy  3.81 
Gn 2.15 
D 
M 
         Kirup  Dy  3.61 
Dr 2.22 
KS Uc 4.2 
CD 
CD 
M 
Dardanup 52,810  L=  16 
M= 23 
H= 15 
P= 2 
L= 40 
M= 18 
H= 0 
I= 8 
II= 23 
III= 26 
Dardanup Dy  3.81 
Dy 5.81 
Um 6.11 
D 
SD 
M 
         Furguson 
Valley 
Dy 3.81  D  47
Table 2.3: (Continued). 
 
Shire Shire 
area 
(ha) 
Sub-surface 
acidification 
(%)
ζ 
Surface 
salt 
(%)
ς 
Perennial 
horticulture 
capability (%)
† 
Locality Soil  key
‡ Relative 
proportion
¥ 
Collie 170,580  L=  4 
M= 11 
H= 6 
P= 0 
L= 20 
M= 0 
H= 1 
I= 7 
II= 8 
III= 6 
Collie Vc  2.3 
KS Vc 4.2 
D 
M 
Harvey Um  6.11 
Dy 2.21 
Dy 5.81 
CD 
CD 
M 
Harvey 172,950  L=  25 
M= 16 
H= 10 
P= 3 
L= 37 
M= 17 
H= 0 
I= 9 
II= 21 
III= 24 
Wokalup Dy  5.81 
Dy 2.21 
KS Uc 4.2 
CD 
CD 
M 
Boddington 191,030  L=  n/d 
M= n/d 
H= n/d 
P= n/d 
L= 45 
M= 4 
H= 0 
I= 14 
II= 8 
III= 26 
Dwellingup  KS Uc 4.21 
Um 5.221 
Gn 2.21 
D 
SD 
M 
Serpentine-
Jarrahdale 
90,290 L=  13 
M= 16 
H= 16 
P= 6 
L= 31 
M= 20 
H= 0 
I= 1 
II= 20 
III= 30 
Jarrahdale  KS Vc 4.2 
Gn 2.14 
D 
M 
ζ Risk assessment of acidification as a result of standard agricultural practice. Descriptions indicate the 
risk of soil pH falling to between 4.0 and 6.0 and affecting crop yield. L = low, M = medium, H = high 
and P = existing acid soils. 
ς Current salinity status of the soil as a percentage of the shire. L = low, M = medium and H = high soil 
salinity levels (after Runge and van Gool (1999)) although concentrations defining each category were 
not given. 
†  Horticultural capability ratings as determined by land quality assessment by Runge and van Gool 
(1999). I = good-very good capability, II = Fair capability, and III = low-very low capability. 
‡ Based on interpretations by Churchwood et al. (1988); Churchwood (1992); McArthur (1991) and 
McArthur and Clifton (1975). Classification system after Isbell (1996). 
¥ Qualitative assessment based on 1: 250,000 scale maps. D = dominant, CD = co-dominant, SD = 
subdominant and M = minor. 
 
With the harvest of 4.5 kg of black truffle ascocarps at the Hazel Hill site in deep loam 
duplex soils (“Dy” type) during the 2004 season, it is clear these soils can support good 
growth of the black truffle. Given this and information about other suitable black truffle 
soils from elsewhere, the potential for growing truffles in other shires of the region is 
unlikely to be limited by soil type. Other soil factors such as depth, water holding 
capacity, depth to groundwater, potential for acidification and salinity are more likely to 
limit production as with any other horticultural crop. As indicated in Table 2.3, there is 
a low-medium risk of subsurface acidification of soils in most shires but the Plantagenet 
and Denmark shires have 62 and 45%, respectively, of their total land area in the 
medium to high risk category. This has consequences for the level of lime application 
prior to establishment and the potential impact of applying fertilisers post establishment  48
in these areas. Generally, liming of soil will increase the buffering capacity of soil to 
resist acidification provided application rates are sufficiently high. 
 
Calculation of the perennial horticulture capability carried out by Runge and van Gool 
(1999) considered a number of land quality characteristics including acidification and 
salinity potential. Generally, they assessed the capability of land to support high yield 
from deeper rooted plants such as vines and fruit trees that require a soil depth of 1m or 
more. They considered only the physical aspects of the soil and did not consider water 
availability, climate or current use of land for other agricultural purposes. Of all the 
shires represented in Table 2.3, the Plantagenet shire has the greatest land area available 
in the class I and II categories (256,110 ha total) for perennial horticulture but caution is 
given to groundwater resources in the shire. By comparison, 98,708 ha in Manjimup, 
70,610 ha in Boyup Brook and 69,890 ha in the Donnybrook-Balingup shires are of 
similar quality (class I and II). The remaining shires had combined class I and II areas 
ranging between 2,750 and 62,050 ha. The potential for trufficulture on any of these 
areas is highly dependant on climatic conditions, soil temperatures, soil nutrient levels 
and water quality and availability at the site. Based on soil type and land capability 
assessment alone, there are in excess of 750,000 ha of land that may be suitable for 
truffle cultivation in the south-west region of WA, but site specific assessment is 
critically important. Consideration to groundwater salinity would severely reduce this 
area particularly in areas receiving less than 1,000 mm annual rainfall. This, combined 
with current land-use for other agricultural pursuits in the region, severely restricts the 
land area suitable for trufficulture. 
 
The requirement to supplement soil moisture by irrigation is likely to present a major 
limitation to the areas suitable for trufficulture to high rainfall areas of the south west. 
Groundwater salinity in Western Australian agricultural areas becomes an increasing 
problem with decreasing total annual rainfall. That the lower rainfall area of the south-
west is at greater risk of soil surface salinity and groundwater salinity is an important 
consideration for irrigation. High rainfall (>1,000 mm ann
-1) coincides approximately 
with the area of groundwater salinity > 1,000 mg L
-1 (Figures 2.2 and 2.8). High rainfall  49
areas not only have greater potential for surface water storage but the likelihood of 
accessing groundwater that is more suitable for irrigation is also higher.  
 
The Plantagenet, Busselton, Denmark and Bridgetown-Greenbushes  shires have the 
greatest proportion (66, 65, 53 and 51%, respectively) of total land area in the low risk 
category for surface soil salinity (Runge and van Gool 1999) but, with the exception of 
the Busselton shire, the risk of excessive groundwater salinity is likely to be greater 
(Figure 2.8). For example only one third of the Plantagenet shire has a groundwater 
salinity <1,000 mg L
-1 (Smith 1993). Groundwater salinity in the northern third of the 
Plantagenent shire is generally >7,000 mg L
-1. Groundwater salinity in areas to the east 
of Manjimup, Bridgetown and Collie are generally >1,000 mg L
-1 (Figure 2.8). This 
would exclude much of the agricultural land in the eastern margins as being unsuitable 
for trufficulture. Groundwater salinity of the Collie basin ranges between 40 to 4,200 
mg L
-1, with mean values <500 mg L
-1, rendering it suitable for agricultural purposes, 
although, restrictions do apply to water use for horticulture (Collie Water Advisory 
Group, 1996; Varma 2002). The shires considered least likely to have soil and 
groundwater salinity issues are Donnybrook-Balingup, Manjimup, Collie and Nannup. 
This does not render land areas of other shires unsuitable for trufficulture but simply 
highlights the need for careful site selection given the long term nature of truffle 
production.  
 
A further limit to the production potential of the black truffle in Western Australia is the 
chemical nature of the soils in which they can be grown. Difficulties in comparing soil 
physical and chemical characteristics are largely the result of inconsistent analysis and 
reporting of such data in the literature. This makes direct comparisons of truffle 
producing soils from different regions extremely difficult and this has also been noted 
by Raglioni et al. (1999). Table 2.4 provides a comparison of soil chemical 
characteristics from a range of producing sites in Europe, New Zealand, Tasmania and 
Hazel Hill (WA). Comparisons of these and other potential truffle growing areas in WA 
(Figure 2.9) are provided. It should be noted that for sites in WA (with the exception of 
HH1), results are from areas of native vegetation and may not be typical of agricultural 
land in a similar area.   50
 
Typically, many farmland soils in Australia have had a number of years of fertiliser 
application due to the naturally poor nutrient status of many soil types. Fertiliser N, P & 
K are applied regularly to most field crops as a result. The Hazel Hill study site in 
Western Australia has a history of past cropping and fertiliser application. The soils 
have been treated with lime to increase soil pH to optimize growth of T. melanosporum 
and discourage the growth of competitor fungi. Furthermore, regular application of 
fertiliser to these soils has taken place since the establishment of the truffière.  
 
 
 
 
 
 
 
 
 
Figure 2.9: WA location identities corresponding to soil chemical properties in Table 2.4.  51
Table 2.4: Chemical properties of soils of established truffières and indigenous soils of south-western Australia. 
Map ID   SW 
France
†+ 
SE 
France
†+ 
NE Spain
♦+ N  central 
Italy 
☼+ 
New 
Zealand 
ψ+ 
Tasmania 
¥+  HH 1  MJP 1
* MJP  2
* 
Classification
1 
           
General Gravelly/ 
clayey 
Light 
gravel 
Sandy loam/ 
gravel 
Various Various Well 
drained/ 
porous 
Chromosol/ 
Kandosol 
Red earth  Gravelly 
yellow podsol 
Factual key
1              Dy 3.61  Gn 2.15  Dy 3.62 
Drainage 
       Good  Good  Good  Good 
pH              
1:5 (H2O) 7.8-8.1  7.9-8.4  7.5-8.5  7.1-8.3  7.6-8.0  7.5  7.8  6.5-6.7  6.6-6.8 
1:5 (CaCl2)             7.3     
Conductivity (dS/m)     0.244  0.2-0.3    0.30     
Organic C (%)     1.5-8.0  2.6-7.1    3.0-4.9  4.12  4.5  5.8 
Total N (%)  0.3-0.52  0.1-0.21  0.21 1.6-4.4    1.9-3.6  0.34 0.12-0.14  0.04-0.09 
Total P (%)  1.9-3.0 1.1-1.8  0.1-0.3 0.36-0.72    0.3-0.94  0.62     
Extrac. P (mg/kg) 
φ     12-18  7.1-14.2  3-66   56     
Extrac. K (mg/kg)  260-400 150-280  100-300 160-430  1-21    118     
CEC (meq/100g)             
Extractable Cations  
           
Ca (meq/100g)  119-157 
1 9.3-11.3   30-34  12.4-17.2    21.75  3.7-6.7  2.6-5.2 
Mg (meq/100g)  1.6-2.0 
1 3.2-4.3 10-30  0.7-1.2  7.6-8.6    1.84  2.4-4.8 1.1-1.8 
K (meq/100g)      5-50  0.41-1.09      0.32  0.38-0.45  0.3-0.4 
Na (meq/100g)      60  0.03-0.05  2-4    0.51  0.42-0.47  0.2-0.3 
C: N ratio  10-12 10-12  8-15  7.5-11 9.1-13.8  13.5-15.7       
CaCO3 (%)     10-75  1.3-47.5  0.8-37  1.26-2.88      
1 The Australian Soil classification (Isbell 1996). 
+ Sites not shown on map. 
† Olivier et al. (1996);
 ♦ (Bonet, Oliach et al. 2004; 
Colinas, Bonet et al. 2001); 
☼ (Belloli et al., (2001), Bragoto et al., (2001), Raglioni et al., (2001)); 
ψ Hall et al., (2002); 
¥ Garvey 
and Cooper (2004); 
* McArthur and Clifton (1975). 
φ Colwell-P   52
 
Table 2.4: (continued). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 The Australian Soil classification (Isbell 1996). 
‡ McArthur (1991). 
φ Colwell-P 
 
 
Map ID #  Alb 6 
‡ Den  3 
‡ Den  4 
‡ Den  6 
‡ WP  1 
‡ PTN  1 
‡ PTN  2 
‡ PTN  3 
‡ BTN  1 
‡ 
Classification
1 
            
General Red  earth  Gravelly 
yellow duplex 
Yellow 
duplex 
Red Earth  Gravelly 
yellow duplex 
Red Earth  Yellow 
duplex 
Yellow 
earth 
Red earth 
Factual key
1  Gn 2.15  Dy 3.61  Dy 3.42  Um 5.21  Dy 4.61  Gn 2.12  Dy 4.61  Gn 2.61  Gn 3.11 
Drainage 
Good Poor  Poor Poor Good  Good  Moderate  Moderate  Good 
pH               
1:5 (H2O)  6.7-7.0  6.1-6.6  5.1-6.3 5.2-5.7 6.3-6.7  6.6-6.9 6.8  5.0-5.4 5.6-6.3 
1:5 (CaCl2)  6.1-6.2    4.4-5.7       4.3-4.9  5.0-5.5 
Conductivity (dS/m)  0.6-2.1  0.2-0.3  1.4-8.2 2.1-3.5 0.2-0.5  0.1-0.3 0.1-0.3 0.4-1.5 0.4-0.9 
Organic C (%)  0.67-8.8  8.6  0.78-2.0  8.2  5.4  4.3-6.6 2.6-6.4 2.0-8.0 4.6-6.9 
Total N (%)  0.04-0.36    0.04-0.08     0.20-0.27 0.12-0.26 0.08-0.35 0.21-0.31 
Total P (%)  74-190    25-38      110-170 220-260 110-160 190-230 
Extrac. P (mg/kg) 
φ  <2-12   <2     5-8  6-14  <2-6  <2-6 
Extrac. K (mg/kg)  280-300    39-96       30-96  150-180 
CEC (meq/100g)  9-30  29  7-13  47  5-17  36-57 20-50 4-13  12-18 
Extractable Cations  
            
Ca  (meq/100g)  4.7-25  2.5  1.6 0.8 1.2-2.5  9.7-13  1.4-9.1  0.2-7.6  7-11 
Mg  (meq/100g)  1.9-5.4  1.3  1.2-6.5 1.5  1-1.3  1.9-2.5 0.9-2.1 0.3-2.8 3.0-4.7 
K  (meq/100g) 0.8-1.0  0.3  <0.1-0.2  0.3  0.1-0.3  1.0-1.6 0.2-0.3 <0.1-0.3  0.5 
Na  (meq/100g)  0.3-0.4  0.4  0.6-4.8 3.8  0.1-0.2  0.2-0.3 0.1-0.5 <0.1-0.3  0.2-0.3 
C: N ratio              
CaCO3 (%)                53
 
Table 2.4: continued. 
Map ID #  BTN 2 
‡  BTN 3 
‡  MR 3 
‡ MR4 
‡ BSN  4 
‡ BSN  5 
‡ DP4 
‡ DP  5 
‡ DP  6 
‡ 
Classification
1 
              
General Gravelly 
yellow duplex 
Yellow duplex  Siliceous 
sand 
Gravelly yellow 
duplex 
Red earth  Siliceous 
sand 
Red earth  Yellow 
duplex  
Red earth 
Factual key
1  Dy 5.61  Dy 3.41  Uc 5.11  Dy 5.61  Um 5.21  Uc 4.21  Gn 3.11  Dy 3.42  Gn 2.11 
Drainage 
Good Good  Good  Good  Poor  Moderate  Moderate  Good  Good 
pH                 
1:5 (H2O)  6.0-6.2  5.4-5.7  5.3-5.5  5.7-5.9  5.5-6.2 6.9  6.4-6.5 5.8-7.2 6.1-6.2 
1:5 (CaCl2)  5.2-5.3  4.9-5.0  4.7  5.1-5.2  4.7-4.8 6.0-6.1  5.5-5.7 4.6-5.2 5.2-5.4 
Conductivity 
(dS/m) 
0.3-0.9  1.7-12.0  0.2  0.2-0.6  0.3-1.2 0.3-1.6  0.3-0.4 1.1-1.9 0.4-0.9 
Organic C (%) 1.1-7.9  0.54-2.2  0.50-0.83  0.79-2.2  0.81-3.2  0.54-2.6  1.6-3.3  3.3-7.2  2.8-6.2 
Total N (%)  0.04-0.25  0.02-0.09  0.02-0.03  0.03-0.06  0.05-0.19 0.03-0.15  0.08-0.15 0.13-0.36 0.14-0.27 
Total P (%)  42-140  24-53  24-29  30-45  240-300 130-180  120-200 65-140  150-230 
Extrac. P (mg/kg) 
φ  <2-6 <2  <2  <2-4  2-5  3-10  <2  3-5  2-4 
Extrac. K (mg/kg)  12-95 13-75  <10 14-33  14-120  12-34  150-240  46-170  260 
CEC (meq/100g)  3-15 1-6  1-2 5  2.6  7  7-10  8-16  18 
Extractable Cations 
              
Ca  (meq/100g)  1.2-10  0.3-2.0  0.1-0.3  2.2  0.2-0.8 7.0  2.6-5.8 1.8-5.8 11 
Mg  (meq/100g)  0.8-2.8  0.5-2.0  0.2-0.3  1.0  0.3-0.8 1.6  2.0-4.1 3.1-6.4 4.4 
K (meq/100g)  <0.1-0.3  <0.1-0.2  <0.1  0.1  <0.1-0.2  0.1  0.4-0.7  0.2-0.4  0.7 
Na (meq/100g)  0.2  0.6-1.6  <0.1  0.2  0.2-0.9  0.2  0.2  1.1-1.9  0.3 
C: N ratio 
              
CaCO3 (%)                
1 The Australian Soil classification (Isbell 1996). 
‡ McArthur (1991). 
φ Colwell-P  54
2.4 Concluding remarks 
The greatest limitation to trufficulture in south-west WA is most likely to be insufficient 
annual rainfall and the availability of good quality water for irrigation during the 
summer months. The increased risk of surface and groundwater salinity in the lower 
rainfall zones (<1000 mm) will most likely limit the establishment of truffières 
particularly given that this can be compounded by irrigation practices (National 
Heritage Trust 2001). Evaluating potential truffle growing areas involves consideration 
of two very different entities – the truffle fungus and the host plant. Suitable soil 
moisture and temperature conditions are presumed to be of utmost importance for 
optimum plant growth but also mycelial growth, formation of primordia, growth and 
maturation of the ascocarp but to this point in time such conditions have not been 
sufficiently defined.  
 
Soil temperature comparisons of productive sites are limited given there are few 
available datasets, however, approximations of ideal soil temperatures exist in the 
literature. Callot (1999) describes a good truffle producing year as that where soil 
temperatures (c. 15 cm depth) generally exceed 15°C by the beginning of spring 
(October) and are >23°C during the summer months (December-March). The 
significance of warm spring temperatures was demonstrated by the development of 
immature truffles when soil temperatures in late spring (November) were >15°C 
(Kulifaj 1994 as cited by Callot 1999).  Low temperatures (5-10°C) are considered 
important for maturation of the ascocarp in the winter months. Generally there is a 
marked oscillation (amplitude) in soil temperature at good truffle producing sites. 
Hence, it has been suggested that potential truffle growing sites should have a mean 
annual soil temperature of ~15°C with a minimum yearly amplitude of >8°C (c. 15 cm 
depth) (Callot 1999). A poor truffle year would constitute prolonged low soil 
temperatures (<15°C) during spring and temperatures not regularly exceeding 23°C in 
summer. However, many productive sites in the SH do not comply with these 
recommendations from Callot (1999) as many have lower mean annual, lower 
maximum monthly temperatures and lower annual amplitudes then the le Montat site 
(Figure 2.6, Table 2.2). It is acknowledged that a decline in production at the Gisborne,  55
NZ site in recent years is associated with a decline in annual soil temperature and 
annual amplitude due to canopy closure (I. Hall pers. comm.). 
 
The significance of cool soil temperature for the maturation of the ascocarp during the 
winter months is unknown. The warmer conditions of the productive Hazel Hill site 
would suggest it is not necessary although a truffière needs to be at full production to 
confidently confirm this. Nonetheless, if there is a requirement for cool winter soil 
temperatures it may not be possible to establish productive truffières in northern and 
coastal parts of the south-west where air temperatures are moderated as indicated by the 
increasing cumulative degree days with decreasing latitude, impacting on soil 
temperatures as a consequence.  
 
Determining a suitable climatic range for the host species is less problematic given the 
relative importance of both major host species for other commercial purposes. In the 
more southern regions of the southwest, VPDs are lower which are likely to favour the 
use of more temperate host species (e.g. hazel, hornbeam). Northern parts of the region 
where VPDs and cumulative degree days are higher, and are less significant for defining 
developmental stages in certain plant species, could favour the use of oak species that 
tolerate warmer conditions (Bolstad et al. 2003; Tretiach 1993) and have more 
extensive root systems to capture available moisture deeper in the soil profile.  
  
It is well documented that yield of black truffle improves with irrigation to supplement 
summer moisture levels and hence it is encouraged in artificial truffières (Hall et al. 
2001; Mamoun and Olivier 1993a; Mamoun and Olivier 1993b; Sourzat 1994; Sourzat 
2002). The literature suggests irrigation is only for the benefit of the truffle ascocarp 
and not for maintenance of host plant growth. As an example, in late summer on the 
rendosols of the le Montat site in SW France, the brûlé is irrigated with 20 mm at 20-26 
day intervals (Sourzat 2002) to maintain growth of the ascocarps. At the Hazel Hill site, 
which is situated on deep duplex kandosols, there was a change in the drying cycle as 
indicated by soil moisture in response to the altered watering regime in 2003/04. 
Without further experimentation it is impossible to determine whether such a regime is 
appropriate to maintain adequate growth of the ascocarp in these soils. It is  56
inappropriate to suggest the increased production at the site in the following winter 
(increased by 4.2 kg) is the result of this irrigation regime without rigorous 
experimentation (more likely the result of maturation of the fungus in the soil). It is not 
clear if humidity of soil air spaces is more appropriate than complete saturation of the 
soil to maintain ascocarp growth and development. The primary difficulty in 
interpreting the effectiveness of changes in truffle management is locating ascocarps 
early enough to monitor the impact of various irrigation regimes in a statistically sound 
manner.  
 
A further complicating factor in evaluating truffle production is soil moisture conditions 
during critical initiation and growth stages. Callot (1999) found that a good truffle 
season should consist of heavy rain periods during summer with periods of dryness not 
exceeding 21 days. The author found conjecture as to whether significant rainfall events 
in spring or in autumn cause greater harm to truffle yield. Callot (1999) suggests soil 
type and underlying geology is likely to play a major role in determining soil moisture 
properties in any given region.  
 
Soil type has not limited trufficulture in many areas outside Europe given the diverse 
range of soils of productive truffières documented in this chapter. Similarly, soil type 
need not limit the expansion of trufficulture in the south-west other than in soils that 
have poor structure, drainage and inappropriate chemistry. This would exclude much of 
the Swan coastal plain where naturally occurring alkaline sandy soils exist. Truffle 
production in WA has, so far, occurred in deep loamy soils that are considered prime 
soil for horticultural pursuits. These soils occur extensively in the >800 mm rainfall 
zone, often as dissected laterites with variable soil depth. The existing pH of these soils 
is in the range of 5.1 to 6.8 and lime amendment of these soils and its incorporation to 
sufficient depth is necessary to raise the pH to between 7.9 and 8.5. Lime requirement 
of individual soils is dependant on its physical and chemical structure and consideration 
should be given to past and future fertilizer practices given the tendency for sub-surface 
acidification in these soils. 
  57
The climatic boundaries of traditional trufficulture have, to some extent, been redefined 
by trufficulture in the SH. Until recently, the potential climatic range of T. 
melanosporum production in the SH had not been thoroughly explored. Our 
understanding of the important climatic factors is limited and is based on restricted 
climatic datasets and, often, anecdotal records of production. There is a need for 
comparison of climatic conditions from a range of sites in both hemispheres 
(particularly European sites) in conjunction with concise production records to make 
informed assessments of suitable new sites for trufficulture. In addition, there needs to 
be rigorous experimentation in manipulating soil moisture and temperature conditions to 
attempt to understand more about the interaction of climate, soil and fungi that will 
improve management practices and yield in truffières. 
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Chapter 3  
Seasonal patterns of growth, storage and translocation in            
Corylus avellana 
3.1 Introduction 
An improved understanding of the relationship between the host and symbiont is 
important for sustained commercial production of truffles (Chapter 1). Such knowledge 
will improve current truffière management practices that are largely based on varying 
experiences of truffle growers and scientists in Europe and more recently in the 
southern hemisphere (SH). The primary goal of growers is to maximise yield and 
minimise variation in yield quantity and quality from year to year. For this reason it is 
important to develop a deeper understanding of the symbiotic relationship between 
truffle fungi and their hosts.  
 
Little published material exists regarding the key life cycle events of T. melanosporum 
and the relationship to host plant growth, and there is limited evidence that the ascocarp 
develops as a saprotroph (Chapter 1). Whether the ascocarp is saprotrophic has less 
significance as the mycorrhizal structures, and presumably the extramatrical hyphae, are 
known to depend on the host plant for C compounds for maintenance and growth 
(Harley and Smith 1983; Martin et al. 1987). These structures are the most important 
link between the ascocarp and the host plant, at least in the early stages of truffle 
development. Effective management strategies that would encourage maximum transfer 
of C compounds to these fungal structures could result in improved truffle yield. Hence 
it seems imperative to have a greater understanding of the C physiology of the host 
plant to enable this to occur.  
 
A key aspect that is not at all understood is the impact of specific growth and 
developmental events of the host plant on mycorrhizal development and, importantly, 
primordia development in truffle fungi. It is not known if there are specific 
physiological cues that may initiate primordia development or whether this fungal 
process is independent of host plant physiology. Currently there is no evidence that such 
physiological cues occur in black truffle fungi. There is, however, evidence that current   59
photosynthate is utilised readily by sporocarps in many host-symbiont combinations. 
For example, a significant reduction in sporocarp biomass and number was observed in 
a boreal Scots pine (Pinus sylvestris) forest following tree girdling (Högberg et al. 
2001). Similarly, patterns of stable C isotope discrimination among fungal trophic 
groups indicate the significance of photosynthate in mycorrhizal sporocarp formation 
and growth (Hobbie et al. 1999; Hobbie et al. 2001; Högberg et al. 2001). Therefore, it 
is a reasonable proposition that truffle fungi could also utilise significant amounts of 
host C for mycelial growth and sporocarp development. For this reason it is considered 
appropriate to examine the C dynamics of hazel (Corylus avellana). 
 
The storage and transport of carbohydrate in hazel plants has not been documented in 
any detail. The earliest identified record of carbohydrate sampled in hazel comes from 
Zimmerman and Ziegler (1975) who found C. avellana to be typical of other members 
of the Corylaceae in its phloem sap composition. The phloem sap was composed 
primarily of sucrose, raffinose, stachyose, (20-30, 2-10 & 0.5-2.0 % w/v sucrose 
equivalent, respectively) and traces of the sugar alcohol myoinositol. This work did not 
give details of other storage forms of carbohydrate in roots and shoots nor the seasonal 
storage and remobilisation patterns. By comparison, there are numerous studies that 
detail such patterns for other deciduous tree species including Betula (Piispanen and 
Saranpaa 2001), Fagus (Barbaroux and Breda 2002; Keitel et al. 2003), Malus (Hansen 
and Grauslund 1973; Kandiah 1979), Prunus (Keller and Loescher 1989) and Quercus 
(Alaoui-Sosse et al. 1994; Cherbuy et al. 2001).  
 
The phloem sap bleeding technique is a useful tool for investigating translocation 
patterns and phloem sap composition of trees. The technique has been applied in 
physiological studies of Eucalyptus globulus (Pate and Arthur 1998; Pate and Arthur 
2000; Pate et al. 1998), legumes (Pate et al. 1984; Pate et al. 1985) and apple (Hansen 
and Grauslund 1973), but has so far not been used with hazel. The technique allows for 
the examination of seasonal changes in solute sugar concentrations and analysis of other 
major organic and inorganic compounds in the translocation stream. Measurement of 
phloem sap sugar concentrations provides basic information on when sap flow begins 
during the active growth period and also when sap flow ceases following leaf 
abscission. Importantly, regular sampling can provide an indication as to when 
maximum movement of photoassimilate occurs to below ground structures. Such   60
information for hazel would be useful to evaluate the significance of current host 
photoassimilate for fungal growth and fructification of the black truffle.  
 
This chapter aims to determine the seasonal patterns of C uptake, translocation and 
storage in hazel and to examine them in the context of climate, growth and phenology 
of the host plant (C. avellana) and the proposed life cycle of the fungal symbiont (T. 
melanosporum). The following hypotheses were tested: 1) growth, C translocation and 
storage patterns of hazel are consistent with other deciduous species of a Mediterranean 
environment; 2) maximum translocation and storage of C occurs at a period when the 
ascocarp is growing rapidly; 3) C uptake in hazel is reduced by summer-time VPD; 4) 
phloem sap refractometer measurements are a reliable method for determining water 
stress in a commercial truffière and 5) mycorrhizal colonisation is directly related to 
fine root carbohydrate concentration. 
 
3.2  Materials and methods 
3.2.1 Site  description 
Description of the site is given in greater detail in Chapters 1 and 2. Briefly, samples 
were taken from hazel trees at the Hazel Hill study site near Manjimup, Western 
Australia. Sampling and measurements were initiated in August 2001 just prior to bud 
burst and continued until just prior to budburst in August 2002. Foliar sampling was 
conducted when sufficient foliage was available. Sampling was carried out every second 
month within this period. During September of 2001 a combination of pasture potash 
3:1 (200 kg ha
-1), urea (100 kg ha
-1) and triple superphosphate (200 kg ha
-1) fertilisers 
was applied giving a combined elemental total of 63 kg of P, 49 kg of Ca, 46 kg of N, 
40 kg of K and 19 kg S per hectare. 
 
3.2.2  Collection of climate data 
Details of the climate data collected at the site are provided in Chapter 2. Climate data 
specific to the sampling period are presented here with the intention of deriving 
relationships.  
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3.2.3  Tree selection and vegetative sampling 
Tree selection was carried out following an initial random sampling of the population to 
determine mean stem diameter over bark, 15 cm above the ground. Mean stem diameter 
was 62.9 ± 14.3 mm (SE) (n=100) in June 2001 and this was used to select a subset of 
individuals with a stem diameter (consisting of one stem only) within one standard 
deviation of the mean. From this group a subset of 20 trees were randomly selected on a 
number of criteria with the intention of choosing those with similar canopy 
characteristics and branching patterns so as to minimise the impact of branch harvesting 
on canopy form. From these twenty individuals 10 were randomly selected for ongoing 
sampling. Hazel plants show a consistent dichotomous branching pattern that enables 
the organization of branches into distinct, recognizable growth units based on the year 
of formation (eus). It was possible to work backwards from the current season growth 
unit or eus to identify the previous eus and so on [similar descriptions are used by Buck-
Sorlin and Bell (2000)]. It was possible to identify growth units on these individuals 
back to those formed during the 1998-99 growing season. Using this method, it was 
possible to sub-sample consistently between individuals. Similar methods are described 
by Snowdon et al. (2002).  
 
The ten individuals chosen for repeated sampling required that 7 branches from the 99-
00 eus age category (Figure 3.1) could be removed throughout the entire sampling 
period. By observation, it was determined that individuals with a minimum of four 1
st 
order branches (eus undefined) gave sufficient stems for sampling, resulting in minimal 
impact on canopy form. A degree of regularity in branching pattern was also a minor 
consideration. Individuals were selected to generate a sampling group of relative 
uniformity; hence, an element of qualitative assessment was employed to closely match 
trees. All branches to be removed were marked prior to the first sampling period to 
ensure all would be representative relative to their starting point. 
 
Tagged branches were randomly removed at each sampling period with secateurs at the 
beginning of a 99-00 eus and branches were then separated according to each 
subsequent eus (00-01 and 01-02). Leaves were removed by hand and the apical stems 
and spurs separated. Fresh weight of all harvested vegetative components was recorded 
at the site, and they were bagged, labelled and refrigerated prior to transport back to the   62
laboratory. The xylem sap of the apical shoots of 99-00 and 00-01 eus was extracted 
soon after leaves and spurs were removed (details of xylem extraction below). Branch 
sampling took place before 0900 h to ensure xylem sap was extracted prior to 1000 h. 
 
 
On return to the laboratory, all stem and leaf material was sub-sampled and stored at –
20°C. The remaining material was oven dried (70°C) to constant weight and DW 
determined. Sub-sampled material was freeze dried prior to grinding and extraction of 
carbohydrates. Larger stem material was ground in a retch mill (Culatti™) and all 
material passed a mesh size of 500 µm. Biomass and shoot length measurements of the 
apical and spur shoots of the samplied season were used to determine seasonal growth 
patterns. 
 
3.2.4  Collection of phloem and xylem sap 
Prior to routine sampling of phloem sap from the selected trees, a preliminary 
investigation of sap yield and diurnal variation in total sugar concentration was carried 
out during the previous growing season (March 2001). This was done to determine if 
Figure 3.1: The segregation of harvested stems into eus based on chronological formation. 
Apical and spur growth in this case were considered proleptic and sylleptic growth, 
respectively, as described by Buck-Sorlin and Bell (2000) for two Quercus species.  
01-02 apical 
00-01 apical & spurs 
99-00 apical & spurs 
98-99 apical   63
there would be sufficient phloem bleeding to ensure routine sampling, whether diurnal 
fluctuations in sap sugar concentrations were significant, and whether sampling 
strategies needed to be standardised accordingly. Results of this preliminary 
investigation are detailed in Appendix II. Collection of phloem sap followed the method 
described by Pate and Arthur (1998; 2000) and Pate et al. (1998) where an incision is 
made in the bark with a clean single edge scraper blade and exudate collected with a 
microcapillary tube (Figure 3.2a). Depth of the incision was such to maximise sap yield 
without puncturing the xylem stream. The relative depth of incision varied with season 
and growth stage of hazel trees. 
 
A minimum of 100 µl phloem sap was collected from each tree with samples stored in 
eppendorf tubes, placed immediately on ice and transported back to the Hazel Hill 
laboratory where they were allowed to equilibrate to room temperature prior to 
measurement of total sugar concentration using a temperature compensated hand held 
refractometer in the 0-32% Brix range (Otago Co. Ltd). The refractometer was 
calibrated using distilled water between sample measurements. Following these 
measurements, samples were frozen in dry ice and stored before transporting to 
Murdoch University where they were then stored at –80°C to await further analysis. 
This procedure was followed in subsequent routine sampling. 
 
Figure 3.2: (a) Phloem bleeding technique 
where arrows indicate sap globules and (b) 
method for xylem sap extraction from 
harvested stems. 
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Collection of xylem sap followed methods previously described by Hiltbrunner and 
Flukiger (1996) and Pate and Arthur (2000). Briefly, stems that were removed from 
sample trees were stripped of their foliage immediately as outlined above. The eus to be 
sampled (00-01 & 99-00) were excised and the bark (phloem tissue) removed from the 
proximal ends to a distance of 2-3 cm. The exposed surfaces were wiped with a dry 
cloth to create a clean seal to the vacuum flask. A hand vacuum pump was attached to 
the apparatus and a mild vacuum was applied (Figure 3.2b). The distal ends of the eus 
were excised over a 1-2 minute time period and xylem sap was extracted progressively 
as a result. Xylem sap was collected in pre-labelled tubes and rapidly frozen on dry ice 
prior to transportation to the university laboratory for further analysis. Xylem sap was 
extracted before 1000 h on sampling days to ensure sampling was consistent across the 
season. 
 
3.2.5  Analysis of phloem and xylem sap 
Phloem sap was assayed for carbohydrate composition using high pressure liquid 
chromotography (HPLC) where sap samples were diluted by a factor of 100 prior to 
injection via a Varian auto-sampler fitted with a 10 µl Rheodyne loop. A Varian 9010 
HPLC gradient pump instrument, fitted with an Altima amino column (5 µm, 250 x 4.6 
mm) operating in mobile phase (linear gradient from 5:95 water: acetonitrile to 40:60 
over a 20 minute period) at a flow rate of 1.5 mL min
-1, was used for separation. Sugars 
were detected using an Alltech evaporative light scattering detector (ELSD 2000) 
running nitrogen gas at 2 L min
-1 at a tube temperature of 75ºC. 
 
Phloem sap was also analysed for δ
13C signatures using an Europa (ANCA 20-20 MS) 
isotope ratio mass spectrometer and expressed in δ
13C notation relative to the Peedee 
belemnite limestone standard where δ
13C (‰) = [(Rsample/Rstandard)-1]x1000, R= 
13C/
12C. 
Generally, 10 µl of phloem sap was used for determining carbon signatures. 
 
Xylem sap was analysed for total amino acids and mineral elements. Amino acids were 
assayed using the method described by Yemm & Cocking (1955). Briefly, 20 µl of 
xylem sap was mixed with 480 µl of de-ionised water in 5 ml glass tubes to which 1 ml 
of 0.2 M citrate buffer (pH 5.0) and 1 ml of the ninhydrin reagent was added (for details 
see Yemm and Cocking, 1955). Tubes were sealed with a marble and placed in a boiling   65
water bath for 12 minutes, and at room temperature for a further 10 minutes before 
reading absorbance using a spectrophotometer set at 570 nm. Each sample batch 
included blanks and standard solutions of asparagine and glutamine. Mineral elements 
were analysed using inductively coupled plasmospectrometry (ICP) by Murdoch 
University’s Marine and Freshwater Research Laboratory (MAFRL). Samples were 
prepared as a 1 in 20 dilution of xylem sap in boron free triple DDI water. 
 
3.2.6  Root sampling and assessment 
Sequential root coring was employed for quantitative assessment of fine and coarse root 
biomass and mycorrhizal infection levels. Two cores per tree were taken at each 
sampling time, one at 50 cm from the stem and the other at a distance equal to canopy 
width (i.e. canopy radius). Cores (80 mm diameter) were taken to 30 cm depth and 
sealed in plastic bags and transported back to the laboratory at ~4°C. Core samples were 
dry sieved to remove the bulk of the root material and then wet sieved to remove fine 
roots over a 1.5 mm sieve. Sample fresh weights of coarse and fine roots were 
determined and a sub-sample (approx. 10 % by weight) of fine roots taken for 
mycorrhizal assessment. Dry root biomass was calculated on a weight per cm
3 basis 
following the removal of all root material from the core sample. The primary focus of 
this work was to examine fine root dynamics and for this reason coarse roots were not 
used for routine assay of carbohydrates.  
 
Samples for mycorrhizal assessment were stored in 70% v/v ethanol (Brundrett et al. 
1996) for later assessment using the line intersect method detailed in Grand and Harvey 
(1982) and Brundrett et al. (1996). Fungal morphotypes (T. melanosporum, 
Scleroderma sp. and Hebeloma sp.) were identified under a dissecting microscope at 
assessment and the level of colonisation of each morphotypes expressed as a percentage 
of total fine root length. Mycorrhizal root tips of T. melanosporum were, generally, 
distinct from other contaminating mycorrhizal fungi and were cross-referenced to 
voucher specimens that were identified using molecular techniques. The remaining root 
sample was freeze-dried, DW determined per unit of soil volume, and ground to a 
500µm mesh size for total non-structural carbohydrate (NC) extraction and assay. On a 
number of occasions there was insufficient fine root material in cores removed at   66
canopy distance to allow for analysis of both mycorrhizal and NC status. Mycorrhizal 
status was seen as priority in these cases and fine roots were sampled accordingly. 
 
3.2.7 Carbohydrate  analysis 
Total non-structural carbohydrates (NC) were determined using Anthrone reagent as 
described by Hansen and Moller (1975) and Yemm and Willis (1954). Total NC were 
extracted from ~50 mg DW of ground stem and 20-30 mg DW root material (if 
sufficient material was available). Soluble carbohydrates were extracted in 5 mL DDI 
water in a boiling water bath for 1 hr, centrifuged at 4000 g for 20 minutes, decanted 
and extracted a second time in 5 ml DDI water for 1 hr and again centrifuged and 
decanted. Similarly, insoluble TNC (starch) was extracted as above using 1% HCl (v/v). 
All extracts were stored at -20 °C prior to anthrone assay. Two extraction steps were 
sufficient to extract all NC as determined by assessment of the presence of starch 
granules in tissue in response to potassium-iodide staining. 
 
3.2.8  Measurements of gas exchange parameters 
Measurements of leaf gas exchange were conducted during December, February, April 
and June of the sampling period. Diurnal daytime measurements were recorded on an 
hourly basis on a cloud free day during these months. Four of the 10 sample trees were 
sampled. Sampling was done hourly and sample leaves were segregated into canopy 
position: full sun, part shade or full shade. Measurements were made on 3 replicate 
leaves per canopy position per tree per hour. Total number of measurements per hour 
was therefore 45 and was generally acceptable for obtaining stable readings. 
Measurements were not taken when dewpoint was at or below zero and when leaves 
were damp and/or humidity was greater than 80%. Measurements were taken using a 
CIRAS-2 infra red gas analyser (IRGA) (PPSystems, UK) connected to a PLC-6 
Parkinson leaf cuvette. Net CO2 assimilation rate (A), transpiration rate (E), stomatal 
conductance (gs) and sub-stomatal CO2 concentration (Ci) were calculated according to 
von Caemmerer and Farquhar (1981). Instantaneous water-use efficiency (IWUE) was 
determined from the ratio of A/E (mmol mol
-1) and intrinsic gas-exchange efficiency 
(GEE) calculated as the ratio A/gs (µmol mol
-1) (after Premachandra et al., 1997).  
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3.2.9  Foliar sampling and nutrient analysis 
Foliar sampling was conducted in February 2002 and 2003 when extension growth had 
ceased which is considered appropriate timing for determining stable foliar nutrient 
levels (Kowalenko and Maas 1982).  
 
3.2.10 Data  analysis 
Sampling methodology dictated the use of repeated measures ANOVA to analyse 
differences of the variables measured (Von Ende 2001). Greenhouse-Geisser epsilons 
(ε) were used to correct for possible violations of sphericity by modification of the 
degrees of freedom in all effects and interactions. In the case of NC tissue concentration 
and biomass of shoot material, where datasets were not complete (00-01 spurs and 01-
02 apical eus did not exist at the first two sampling months), two sets of repeated-
measures ANOVA were performed to account for this discrepancy. For data that were at 
risk of violation of the sphericity assumption (where Mauchly’s test for sphericity had 
P≤0.05), the Greenhouse-Geisser correction factor (ε) was employed to determine the 
corrected P values. Where sampling did not conform to the repeated measures approach, 
standard ANOVA procedures were used. Data underwent transformation where 
necessary and regression and Pearson correlation analysis were performed to determine 
any relationships between datasets. 
3.3 Results 
3.3.1  Seasonal growth patterns 
  I. Above ground components 
Growth patterns throughout the period of measurement generally conformed to the 
patterns described by Santos et al. (1998) for hazel. In Aug-01 the majority of trees had 
female inflorescences and a small proportion had mature, senescent male inflorescences 
(catkins) (Figure 3.3b & a, respectively). Vegetative buds (Figure 3.3 c) were dormant 
until early Sep-01 after which time they became swollen and primary bud break (Figure 
3.3d) was observed in the apical buds. By early Oct-01, trees were in the early stages of 
full budburst (Figure 3.3e) with no significant development of reproductive buds 
beyond being swollen. Although stem elongation was not well advanced at 3
rd Oct, by 
Nov-01 significant shoot extension had occurred.    68
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Figure 3.3: Stages identified in the dormant to early growth stages of hazel. (a) 
Maturation of catkins coinciding or immediately followed by (b) emergence of female 
stigmas from reproductive bud, (c) swelling of vegetative buds prior to (d) primary bud-
break and finally (e) first leaves fully open and commencement of shoot elongation. 
 
Stem diameter (15cm above ground) increased (Table 3.1) at each interval from Oct-01 
through to Jun-02 after which there was no further increase in growth (Figure 3.5a). The 
greatest gain in stem diameter (57% of total) occurred between Oct-01 and Feb-02. A 
similar pattern of growth was observed in apical shoot length, where a steady increase 
in mean apical shoot length occurred between Oct-01 and Apr-02, with no increase in 
growth thereafter (Figure 3.4b). A different pattern was observed for spurs, with 73% of 
total growth occurring between Oct-01 and Dec-01 (Figure 3.5b). The pattern of shoot 
growth was consistent with the S-shaped growth curve obtained by Santos et al. (1998).  
 
 
Allocation of dry matter to fruit occurred late in the growing season. In Dec-01, fruit 
DW was only 27.1 ± 9.7 g per tree, 1.02 % of total canopy biomass, but by Feb-02, fruit 
DW had increased to 104 ± 26.6 g per tree or 1.46% of total canopy biomass. Fruit fall 
occurred in late Feb-02 to early Mar-02 (Figure 3.4) and none were present at the Apr-
02 sampling. The relatively low fruit biomass (compared with 5-6 kg tree
-1 in Santos et 
al., (1998)) was most likely due to the young age of the trees. The emergence of catkins 
coincided with the cessation of shoot growth, as found by Santos et al. (1998) (Figure 
3.4). Significant biomass of catkins first became apparent during sampling in Apr-02 
and continued into Jun-02, representing 8.34 % of total canopy biomass. This 
proportion increased to 17.27 % in Jun-02 although this is largely due to a loss of 
biomass as a result of leaf abscission and decreased stem biomass. On average, up to 
800 g DW of catkins were produced per plant. As with leaf area, maximum catkin   69
biomass occurred on 00-01 eus, accounting for over 50% of plant total catkin biomass. 
Catkins matured in late Jun-02 through Jul-02 and were shed before the Aug-02 
sampling.  
 
There was a significant interaction of Time and Eus, and a significant effect of Time, on 
all parameters of DW biomass indicating different growth patterns of individual eus 
across the season (Table 3.1). Whole canopy biomass did not increase between Aug-01 
and Oct-01, but increased (P=0.020) to a peak in April (data not shown). In the 
following two months, canopy biomass declined and this was attributed largely to leaf 
fall during these months (Figure 3.7). Stem DW generally increased from bud break 
reaching a peak in April (Figure 3.6).  
 
 
Stem biomass of all eus increased across the season with greatest gains in stem DW in 
older eus categories (Figure 3.6) As expected, gains in apical biomass were greater than 
in spur material. Except for 99-00 eus, which declined between Apr-02 and Aug-02, 
stem DW did not decrease significantly after reaching the peak during Apr-02. Despite 
the statistical insignificance, total canopy stem DW decreased by 31.5% between Apr-
02 and Aug-02. Possibly this reduction in biomass resulted from respiratory 
maintenance and catkin production and the associated reallocation of stored C resulting 
in changes in NC storage patterns.  
 
Figure 3.4: Relationship between reproductive and vegetative phases of hazel.  
Aug  Sep  Oct   Nov  Dec  Jan  Feb  Mar  Apr  May Jun  Jul  Aug 
Catkins  Fruit development 
Female inflorescence 
Leaf 
senescence
Budburst Phloem sap 
flow 
Female inflorescence 
Shoot extension  70
Leaf area increased from Oct-01 to Dec-01 and remained constant through to Apr-02 
and then declined as a result of leaf abscission (Figure 3.7). Leaf area differed slightly 
between eus components as maximum leaf area of each component was reached in 
sequence with eus age and development. Maximum biomass, and therefore leaf area, 
was reached in the 99-00 eus by Dec-01, followed by 00-01 eus in Feb-02 and finally by 
the 01-02 apical eus in Apr-02. The greatest proportion of total leaf area occurred on the 
00-01 eus categories (42.2%) with 33.0% on the 99-00 eus. Therefore a relatively small 
proportion of total leaf area occurred in the most exposed 01-02 eus.  
 
Table 3.1: Results of repeated measures ANOVA on growth, DW biomass and leaf area 
parameters at the whole canopy level. Asterisks (*) indicate analysis by the single factor 
of Time.  
 
 
 d.f. F P  ε  Corrected P 
Stem diameter*  6,54  129.70  <0.001  0.447  <0.001 
Apical shoot length*  6,54  43.72  <0.001  0.394  <0.001 
Spur shoot length*  6,54  92.23  <0.001  0.546  <0.001 
Stem biomass           
Time 6,54  6.64  <0.001  - - 
Time x Eus  30,324  6.23  <0.001  0.625  <0.001 
99-00 apical*  6,54  15.48  <0.001  - - 
99-00 spur*  6,54  7.39  <0.001  0.323  0.005 
00-01 apical*  6,54  2.46  <0.001  - - 
00-01 spurs*  4,36  5.12  0.002  - - 
01-02 apical*  4,36  8.23  <0.001  - - 
Leaf area           
Time   6,54  0.466  <0.001  0.485  <0.001 
Time x Eus  12,162  7.07  <0.001  0.483  <0.001 
99-00 spurs*  6,54  17.95  <0.001  0.404  <0.001 
00-01 spurs*  4,36  30.52  <0.001  - - 
01-02 apical  4,36  12.05  <0.001  0.455  0.001 
Total canopy biomass  6,54  34.68  <0.001  - -   71
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Figure 3.6: Stem DW of (a) 01-02 apical eus, (b) 00-01 eus and (c) 99-00 eus at the 
canopy level. Same letter indicates no significant difference according to LSD 
multiple range test (P≥0.05). Error bars indicate SE.  
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Figure 3.5: (a) Mean stem diameter (mm) and (b) mean apical and spur shoot length 
for the study period. Error bars indicate SE.  
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II. Fine root biomass  
Fine root biomass did not differ with sampling time (Table 3.2) although there was 
almost a significant interaction of Time x Distance (P=0.067). Variation in fine root 
biomass from direct soil coring methods of individual trees most likely contributed to 
the reduced statistical confidence. The data in Figure 3.8 suggest some variation 
between the sampling distances but this was not supported statistically. Clearly, from 
these results, greater replication of individual root systems would have been 
appropriate.  
 
 
Table 3.2: Repeated measures ANOVA conducted on total root DW collected from 
cores over the sample period.  
 
 
 
 
 
 
 
 
 Effect  d.f.  F  P  ε  Corrected P 
Time 6,114  2.018  0.069  0.550  0.115  Total Root 
DW.  Time x Distance  6,108  2.420  0.031  0.562  0.067 
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Figure 3.7: Leaf area of eus components expressed as a proportion of total canopy 
leaf area. Error bars indicate SE.   73
 
3.3.2  Seasonal patterns in NC 
I. Above ground components 
Given the deciduous habit of C. avellana, the seasonal patterns in non-structural 
carbohydrates observed in stem material are consistent with many other deciduous 
species (Barbaroux and Breda 2002; Hoch et al. 2003). Figure 3.9 shows total, soluble 
and insoluble NC fractions for the sampling period. Both soluble and insoluble fractions 
varied significantly across the sampling period where the lowest tissue concentrations 
occurred in October, post-budburst, and peak concentrations occurred in April. There 
was a significant Time and Eus interaction (excluding Aug-01 and Oct-01) on soluble 
NC’s but none with respect to total and insoluble NC’s (Table 3.3). Exclusion of the 00-
01 spurs and 01-02 apical from the analysis, due to their absence at the first two 
sampling times, resulted in the interactions on soluble and insoluble fractions being 
significant (Table 3.4). 
 
There were differences in tissue concentrations of all NC forms measured in response to 
Time (Table 3.4). A more than 12-fold increase over the 6-month period between Oct-
01 and Apr-02 was observed in insoluble NC and this was reflected in total NC 
concentrations although a late season decline was not observed in soluble NC in any 
branch category (eus). Analyses of soluble and insoluble fractions for each eus over the 
season (Table 3.5) resulted in near identical patterns to those presented in Figure 3.9 
and are therefore not presented here (see Appendix III). Hence, there were clear 
differences in the seasonal response of NC forms in hazel.  
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Table 3.3: Results of repeated measures ANOVA showing the response of NC 
components to the interaction of Time and Eus (excluding Aug-01 and Oct-01).  
 
 
 
 
 
 
Table 3.4: Results of repeated measures ANOVA showing the response of NC 
components to the interaction of Time and Eus (excluding 00-01 spurs and 01-02 apical 
eus). 
 
 
 
 
 d.f.  F  P  ε  Corrected P 
Time         
Soluble NC  6,150  65.95  <0.001  0.704  <0.001 
Insoluble NC  6,150  43.83  <0.001  0.624  <0.001 
Total NC  6,144 58.86  <0.001  - - 
Time x Eus          
Soluble NC  12,138  3.29  <0.001  - - 
Insoluble NC  12,138  0.68    0.764  0.596  0.684 
Total NC  12,132  0.549    0.879  0.651  0.812 
 d.f.  F  P  ε  Corrected P 
Time         
Soluble NC  4,176  41.59  <0.001  0.798  <0.001 
Insoluble NC  4,176  26.19  <0.001  0.780  <0.001 
Total NC  4,176 52.16  <0.001  0.745  <0.001 
Time x Eus          
Soluble NC  16,160  2.584    0.001  0.733    0.005 
Insoluble NC  16,160  3.184  <0.001  0.785  <0.001 
Total NC  16,160  0.72    0.764  0.700    0.714   75
 
Table 3.5: Results of repeated-measures ANOVA of soluble and insoluble NC of 
individual eus comparing sampling periods (Time). 
 d.f. F  P  ε  Corrected P 
Soluble NC           
01-02 apical  4,32  6.941  <0.001  0.455    0.009 
00-01 spurs  4,32  17.713  <0.001  0.424  <0.001 
00-01 apical  6,42  39.49  <0.001  -  - 
99-00 apical  6,48  19.784  <0.001  0.471  <0.001 
99-00 spurs  6,48  34.254  <0.001  0.451  <0.001 
          
Insoluble NC           
01-02 apical  4,32  4.974    0.003  -  - 
00-01 spurs  4,32  8.252  <0.001  -  - 
00-01 apical  6,48  12.752  <0.001  0.390  <0.001 
99-00 apical  6,42  14.480  <0.001  -  - 
99-00 spurs  6,48  17.662  <0.001  0.451  <0.001 
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Figure 3.9: Total, soluble and insoluble fractions of NC’s in stem material. Same letter 
indicates no significant difference according to LSD multiple range test (P≥0.05). Error 
bars indicate SE.   76
 
II. Fine root NC 
NC was significantly less concentrated in fine root tissue compared to shoot material. 
Mean total NC concentrations ranged between 20.7 and 32.0 mg g
-1 DW. There was no 
significant interaction of Time x Distance among any variable measured indicating NC 
concentrations were not different within the root zone (Table 3.6). All parameters had a 
significant response to Time. Root total NC had a variable pattern across the season 
with Oct-01 (bud burst) concentrations being the lowest, and concentrations peaking 
during Aug-01, Feb-02 and Jun-02 (data not shown). Insoluble NC decreased at bud 
burst (Oct-01) then increased in Feb-02 after which time there was a rapid decline in 
root insoluble NC concentration (Figure 3.10a). Overall, insoluble NC concentrations 
were within the range of 17 and 22 mg g
-1 DW. In contrast, the soluble NC range was 
greater (2.6 to 13.7mg g
-1 DW) and was characterised by the reduction in concentration 
at budburst followed by the progressive increase to the peak concentration in Jun-02 
(Figure 3.10a). The response of insoluble: soluble NC ratio to Time clearly indicates a 
greater proportion of total NC occurs as soluble NC, seemingly, at the expense of 
storage forms of NC later in the season (Figure 3.10b). Generally in shoot tissue, the 
accumulation of soluble NC was not at the expense of stored reserves of insoluble NC’s.  
 
 
Table 3.6: Repeated measures ANOVA of fine root NC. 
 
 
 
 
 
  d.f. F  P  ε  Corrected P 
Time         
Soluble NC   6,114  12.763  <0.001  -  - 
Insoluble NC   6,114  17.866  <0.001  0.414  <0.001 
Total NC  6,114  10.604  <0.001  -  - 
Ratio 6,114  17.261  <0.001  -  - 
Time x Distance          
Soluble NC   6,108  0.784  0.584  -  - 
Insoluble NC   6,108  0.744  0.615  0.396  0.503 
Total NC  6,108  0.626  0.709  -  - 
Ratio 6,108  0.798  0.574  -  -   77
 
3.3.3  Seasonal patterns of translocation streams 
Concentrations of total sugars measured as % Brix were significantly different between 
sampling periods (Table 3.7). Across the sampling period, samples ranged between 14.6 
and 20.3 with a mean concentration of 17.46 % Brix (sucrose equivalent w/v). As 
indicated in Figure 3.11a, the lowest total sugar concentrations occurred during Feb-01 
(15.3 % w/v) and concentrations peaked during May-02 (19.9 % w/v) but declined in 
June-02 following complete leaf fall. Phloem bleeding was sporadic early in the season, 
probably due to the developmental stage of new phloem tissue. For example, incisions 
made in the bark yielded only small amounts of sap in Nov-01. It was not until Dec-01 
that sufficient quantities (>10 µl) could be collected to use for measurements. Sap flow 
continued late into the season and ceased in June-02. Results of repeated measures 
ANOVA for all parameters are presented in Table 3.7.   
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Phloem sap sucrose concentrations obtained by HPLC over the same period had a 
different profile to total sugar concentrations obtained by refractometer measurements 
(Figure 3.11b). For the sampling period, concentrations ranged between 397.9 and 
737.2 mM with a mean value of 550.8 mM. Lowest mean concentrations were observed 
in Jan-02 but steadily increased to a maximum in Apr-02 (640.5 mM) and declined 
markedly in the following months. Sucrose concentrations observed in hazel were 
similar to those found in phloem sap of European beech (Keitel et al. 2003). Sugar 
concentrations determined by refractometer and HPLC methods both showed similar 
concentrations to those observed by Zimmerman and Ziegler (1975), Pate and Arthur 
(1998) and Pate et al. (1998). However, in contrast to the latter two studies there was no 
relationship between sucrose concentrations and total sugar concentrations based on 
refractometer measurements (R
2= 0.137, P=0.282).  
 
Phloem sap δ
13C values varied significantly (Table 3.7) with a decreasing level of 
discrimination against the heavier isotope occurring between Dec-02 and Apr-02 but 
increased dramatically in the following two sampling points (Figure 3.11c). This trend 
was reflected in phloem sap sucrose concentrations and there was a weak, positive 
correlation (R
2=0.270, P=0.031) between the two parameters. Both phloem sap sucrose 
concentrations and δ
13C corresponded to soil moisture (30 cm depth) with a negative 
correlation with mean monthly soil moisture observed for both (Figure 3.12a & b, 
respectively). The volumes of phloem sap collected from individuals were not sufficient 
to determine inorganic nutrient and total amino acid concentrations. 
 
Table 3.7: Results of repeated measures ANOVA comparing monthly phloem sap 
samples.  
 d.f. F P  ε  Corrected P 
% Brix  6,54  64.514  <0.001  0.495  <0.001 
Sucrose concentration  6,54  10.768  <0.001  0.474  <0.001 
 δ
13C  6,54 31.445  <0.001 0.211  <0.001 
 
 
 
 
   79
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: (a) Phloem sap total sugars, (b) sucrose concentration and (c) 
relationship between phloem sap δ
13C and soil moisture at 30 cm depth. Same letter 
indicates no significance according to LSD multiple range test (P<0.05). Error bars 
indicate SE.
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All concentrations of organic and inorganic xylem sap solutes were within the range 
observed for other trees such as Abies alba (Hiltbrunner and Fluckiger 1996), Fagus 
sylvatica, Picea rubens (Smith and Shortle 2001), Populus tremula x alba (Siebrecht et 
al. 2003), Prunus persica (Larbi et al. 2003), Quercus robur (Herschbach and 
Rennenberg 2001) and Vitis vinifera (Keller et al. 2001; Peuke 2000). When comparing 
these studies there were greater concentrations of sap solutes found in plants under 
controlled conditions as opposed to field-grown plants. The observations in this study 
were comparable to other field grown plants. Total amino acids, K, Ca, Na and B in 
xylem sap all had a significant (P≤0.05) seasonal response (Table 3.8 & Figure 3.13). 
Maximum amino acid concentrations occurred during budburst (Oct-01) whereas 
maximum K concentrations occurred during the primary growth phase (Dec-01 to Feb-
Figure 3.12: Relationship between soil moisture (30 cm depth) and (a) phloem sap 
sucrose concentration and (b) δ
13C of phloem sap C. Points shown are mean values and 
bars indicate SE where shown. 
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02). Similarly, Ca increased during Dec-01 and then declined before increasing again in 
Jun-02.  
 
 
Na levels increased in concentration during the early part of the season reaching a peak 
during the warmest month of Feb-02. Boron levels were extremely variable across the 
sampling period and concentrations were significantly less during Dec-01 and Apr-02. 
The concentrations observed (range: 5.9-13.3 µM) are generally lower than those 
reported for kiwifruit vines that had a range of 15-40 µM (Sotiropooulos et al. 2002). It 
is difficult to determine if there was a significant response of xylem sap solutes to 
fertiliser application during September. The significant increase in K and Ca could be 
attributed to this albeit with a delayed response in Dec-01 (see section 3.2.1). 
 
 
Figure 3.13: Seasonal variation in xylem sap solutes. Values with same letter indicate 
no significant difference according to LSD multiple range test (P≥0.05). Bars indicate 
SE. Arrows indicate timing of fertiliser application. 
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Table 3.8: Repeated measures ANOVA of xylem sap solute concentration between 
sampling intervals. 
 
 
3.3.4  Patterns of gas exchange 
All gas exchange parameters responded significantly to Time and Position with a 
significant interaction observed for all (Table 3.9 and Figure 3.15a-f). Net assimilation 
(A) peaked in the middle of the growing season and A of leaves in the full sun position 
corresponded to radiation levels. By contrast, A declined in leaves at the part shade 
position over the months sampled which can be attributed to the accumulation of leaf 
area in the upper canopy reducing their exposure to radiation. Extremely low rates of A 
occurred lower in the canopy. Evapotranspiration rates (E) were elevated after Dec-02 
corresponding to peaks in VPD (shown in Figure 3.14) although IWUE was less 
dramatic in its response to VPD. Stomatal conductance at all canopy levels from Dec-01 
to Apr-02 decreased most likely in response to declining soil moisture. Indeed, a strong 
positive relationship between soil moisture (30 cm depth) and stomatal conductance was 
observed (Figure 3.16a). The strong relationship between δ
13C and stomatal 
conductance in this study (Figure 3.16b) confirms the validity of using phloem sap δ
13C 
as a means of determining internal plant water stress. The significant reduction in IGEE 
at Jun-02 can be attributed to insufficient radiation levels lowering carbon fixation rates 
that were also reflected in internal leaf CO2 concentrations (Ci). From the observations 
of gas exchange in hazel trees at the site, radiation and soil moisture limited A toward 
the end of the growing season. 
 
 d.f. F  P  ε  Corrected P 
Amino Acids  6,48  8.690  <0.001  - - 
P  6,54  3.188    0.009  0.355  0.061 
K 6,54  11.664  <0.001  - - 
Mg  6,54  1.108    0.370  0.257  0.432 
Mn  6,54  2.884    0.016  0.472  0.058 
Ca 6,54  6.438  <0.001  0.570  0.001 
S  6,54  1.830    0.110  0.347  0.187 
Fe  6,54  2.747    0.021  0.433  0.072 
Cu  6,54  2.442    0.037  0.514  0.084 
Na  6,30  4.440    0.003  0.463  0.024 
B  6,54  4.305    0.001  0.348  0.009   83
 
 
 
 
 
Table 3.9: Results of GLM ANOVA of gas exchange parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  A E Ci g s  IWUE IGEE 
Time  <0.001 <0.001 <0.001 <0.001  <0.001  <0.001 
Position  <0.001 <0.001 <0.001 <0.001  <0.001  <0.001 
Time x Position  <0.001  <0.001  <0.001  <0.001  <0.001    0.001 
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Figure 3.14: Mean monthly values of solar radiation and mean daily daytime (0800-
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Figure 3.16: Relationship between stomatal conductance (gs) and (a) δ
13C of phloem 
sap C and (b) soil moisture at 30 cm depth.  
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Figure 3.15: Measurements of (a) assimilation rate (A), (b) evapotranspiration rate 
(E), (c) stomatal conductance (gs), (d) sub-stomatal CO2 concentration (Ci), (e) 
intrinsic gas exchange efficiency (IGEE) and (f) instantaneous water-use efficiency 
(IWUE) at various intervals over the study period. Error bars indicate SE. 
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Daily profile of VPD and all gas exchange parameters are presented in Figure 3.17 as an 
example of the typical response of hazel to extreme summer conditions on a single day 
in Feb-02. Analysis indicates all parameters vary significantly between hourly sampling 
(Hour) as well as canopy position (Position) with a significant interaction observed for 
all (Table 3.10). The rate of A of leaves in the full sun position reached a maximum 
early in the day and did not increase as PAR increased toward the solar noon. 
Assimilation rates (A) in the lower canopy positions were significantly lower than that 
of the full sun position. The rates of E were higher in the upper canopy and generally 
increased to the mid-afternoon period corresponding to the recorded VPD profile. 
Figure 3.18 indicates the relationship between E and field VPD at the various canopy 
positions. IWUE increased dramatically just prior to sunrise and was likely an artefact 
of the initiation of photosynthesis at extremely low VPD. A steady level of IWUE 
occurred at all canopy levels by mid morning and was maintained for the remainder of 
the day irrespective of VPD. Exposed leaves of the canopy showed the greatest IWUE 
and IGEE with little variation observed in IGEE during daylight hours.  
 
Despite the observed variation in gs throughout the day, substomatal CO2 concentration 
(Ci) did not change substantially during daylight hours. The greater A observed in the 
exposed leaves of the full sun position was reflected by the lower substomatal CO2 
concentrations which increased as exposure to radiation decreased at given canopy 
positions. Diurnal variation in the ambient environment did not have a profound affect 
on either IGEE or IWUE, although, there was an indication that A responded negatively 
to VPD during mid afternoon. However, this decline coincided with a significant 
reduction in PAR.  
 
Table 3.10: GLM ANOVA result of gas exchange parameters measured on a single day 
in Feb-02. 
 
 
 
 
  A E Ci g s  IWUE IGEE 
Hour  <0.001 <0.001 <0.001 <0.001  <0.001  <0.001 
Position  <0.001 <0.001 <0.001 <0.001  <0.001  <0.001 
Hour x Position  <0.001 <0.001 <0.001 <0.001  <0.001  <0.001   86
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Figure 3.17: Day time profile of (a) vapour pressure deficit (VPD) (absolute values), (b) 
assimilation rate (A), (c) evapotranspiration rate (E), (d) stomatal conductance (gs), (e) absolute 
VPD, (f) sub-stomatal CO2 concentration (Ci), (g) intrinsic gas exchange efficiency (IGEE) and 
(h) instantaneous water use efficiency (IWUE) at the midpoint of the growing season (Feb-02). 
Error bars indicate SE. 
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3.3.5  Observations of mycorrhizal status 
With the exception of Hebeloma, mycorrhizal colonisation by all other morphotypes 
varied in response to Time (Table 3.11). Similarly, all morphotypes responded to the 
interaction of Time and Distance with the exception of Scleroderma (Table 3.11 & 
Figure 3.19a). Table 3.12 indicates that Scleroderma at 50 cm was the only morphotype 
that varied in infection level between sampling periods, there being >10% increase in 
infection between Apr-02 and Jun-02 (Figure 3.19b). Total mycorrhizal infection did 
not vary significantly at 50 cm and equally there was no variation in infection levels of 
T. melanosporum and Hebeloma at 50 cm (Figure 3.19a). At canopy width, both 
Hebeloma and Scleroderma had lower rates of infection (compared to T. 
melanosporum) and did not vary between months sampled (Figure 3.19c & Table 3.12).  
 
Total mycorrhizal infection increased towards the latter part of the season (Jun-02) 
before declining in Aug-02. This increase in mycorrhizal infection coincided with an 
increase in total fine root biomass that similarly peaked in Jun-02 (Figure 3.8). It was 
observed that T. melanosporum in the outer root zone was most active during the winter 
months, particularly Jun-02, when soil moisture was not limiting and when root soluble 
NC levels were greatest. Levels of T. melanosporum infection at canopy width were 
lowest when soil moisture dropped dramatically in Feb-02 but infection increased in 
line with soil moisture to reach a peak in Jun-02. Although not supported statistically, in 
Figure 3.18: Relationship between daytime (0500-1900) VPD and evapotranspiration 
rate (E) in relation to canopy position during Feb-02. Plotted values are absolute mean 
hourly VPD (n = 4) and hourly E at each canopy level (n = 12). 
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all cases presented in Figure 3.19, there was a trend for T. melanosporum infection 
levels to increase corresponding to the increased availability of fine root NC in Jun-02 
(Figure 3.10). Comparing the infection levels at the two sampling distances (50 cm and 
canopy), there was greater variability in T. melanosporum infection levels at canopy 
width compared to 50 cm distance. 
 
Table 3.11: Repeated measures ANOVA of mycorrhizal colonisation. 
 
 
 
Table 3.12: Repeated measures ANOVA of mycorrhizal colonisation at the two 
sampling distances: 50 cm and canopy width. 
 
 
 
 
 d.f.  F  P  ε  Corrected P 
Time          
Scleroderma sp.   6,114  4.058  0.001  0.529  0.010 
Hebeloma sp.   6,114  0.612  0.721  -  - 
T. melanosporum   6,114 2.818  0.014  - - 
Total   6,114  4.715  0.000  - - 
Time x Distance          
Scleroderma sp.   6,108  0.865  0.523  0.396  0.569 
Hebeloma sp.   6,108  2.240  0.045  - - 
T. melanosporum   6,108 2.470  0.028  - - 
Total   6,108  2.631  0.020  - - 
 d.f. F P  ε  Corrected P 
Distance: 50 cm         
Scleroderma sp.   6,54  3.713    0.004  0.318  0.047 
Hebeloma sp.   6,54  2.382    0.041  0.398  0.108 
T. melanosporum   6,54  1.561    0.176  0.536  0.218 
Total   6,54  2.131    0.065  -  - 
Distance: Canopy         
Scleroderma sp.   6,54  1.339    0.256  0.424  0.285 
Hebeloma sp.   6,54  1.057    0.400  -  - 
T. melanosporum   6,54 4.885  <0.001  - - 
Total   6,54  7.308  <0.001  - -   89
 
3.4 Discussion 
The results confirm a number of hypotheses, specifically; 1) growth, C translocation 
and storage patterns of hazel were consistent with other deciduous species of a 
Mediterranean environment and 2) maximum translocation and storage of C does occur 
at a period when the ascocarp is thought to be growing rapidly. The results did not 
uphold the following hypotheses; 3) C uptake in hazel was not reduced by summer-time 
VPD but phloem sap δ
13C suggested it is more likely limited by soil moisture, 4) 
phloem sap refractometer measurements were not reliable for determining water stress 
in a commercial truffière, contrary to other studies on eucalypts, and finally 5) 
mycorrhizal colonisation was not directly related to fine root carbohydrate concentration 
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but this hypothesis may have been supported if there was greater replication in 
determining mycorrhizal status. 
 
The results provide evidence that the distribution, allocation and storage patterns of C in 
hazel grown in the Mediterranean region of south-western Australia are consistent with 
observations for some deciduous species in the northern hemisphere (Alaoui-Sosse et 
al. 1994; Barbaroux and Breda 2002; Essiamah and Eschrich 1985; Keller and Loescher 
1989; Loescher et al. 1990; Piispanen and Saranpaa 2001). In this study, C storage in 
above and below ground tissues was lowest during and immediately post bud burst as C 
was rapidly mobilised and utilised for growth early in the season (Sep-Oct). The 
accumulation of storage starch in all tissues late in the season (Apr) is typical of the 
deciduous habit as is the decline in these reserves over the dormant period and prior to 
bud burst. By contrast with previously mentioned studies, late season soluble NC tissue 
concentrations were relatively stable and did not decline as the concentrations of 
insoluble NC increased. Soluble NC forms were most likely sustained during the 
dormant period by the solubilisation of starch to provide for respiratory maintenance in 
these tissues.  
 
Fine root NC concentrations increased progressively following bud burst and was best 
illustrated by the insoluble: soluble NC ratio. There was likely to have been increased 
availability of soluble NC to symbiotic structures of fine roots, although, it is unclear 
whether this C pool is utilised by target ECM fungi. Statistically, mycorrhizal infection 
did not change over the course of the study, however, there was an indication that 
mycorrhizal infection was greatest during the coolest month coinciding with the higher 
C pool of fine roots at this time. A greater level of sampling than was conducted in this 
study may be required to determine any Studies on the rate of fine root and ECM 
turnover are required to give a greater understanding of the dynamics of the system. 
More importantly, the increase in the C pool over this period coincides with the 
proposed period of rapid growth of the ascocarp (Figure 3.20) (Sourzat 1994). It is well 
acknowledged that other ECM fungi have considerable demand for C from the host 
plant (Bidartondo et al. 2001; Harley and Smith 1983; Rygiewicz and Anderson 1994; 
Smith and Read 1997; Wright et al. 2000). This study indicates ECM fungi would be 
well accommodated by the accumulation of soluble NC forms in fine roots of hazel.  
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The transfer of C compounds from host to symbiont is by preferential absorption of 
glucose and fructose by hyphae of the Hartig net in the apoplastic region of the outer 
root cortex (France and Reid 1983; Martin et al. 1987). Sucrose supplied to the roots is 
not absorbed by fungal tissue but is hydrolysed to glucose and fructose by plant 
cytoplasmic and cell wall bound invertase enzymes (Wright et al. 2000). Glucose and 
fructose are the hexose forms most readily absorbed by fungal structures of the Hartig 
net and their conversion to fungal specific compounds (e.g. mannitol, trehalose & 
glycogen) maintains the sink capacity of ECM (Hampp et al. 1999). It remains unclear 
from the present study whether transfer actually occurs during the cooler months, as the 
absorption rate from the plant is understood to be temperature and oxygen dependant 
(Smith and Read 1997). The increase in soluble NC in fine roots could be an artefact of 
reduced absorption of hexoses by the fungal hyphae at lower soil temperatures. The 
transfer of C in T. melanosporum ECM warrants further investigation as does the level 
of laccase activity of T. melanosporum mycelium for obtaining C from alternate 
sources.  
 
There have been few studies that have examined carbohydrate storage and 
remobilisation patterns of hazel, but one study detailed the vegetative growth habit of 
11 hazel cultivars over a ten-year period in northern Portugal (Santos et al. 1998). The 
authors observed consistent patterns of growth and described three primary growth 
phases characteristic of young hazel plants undergoing no competitive interactions. In 
the present study shoot extension and biomass accumulation, generally, increased 
steadily to a peak in April after which time leaf abscission coincided with the 
enlargement of the male catkins. In general, the observations in this study are in good 
agreement with the findings of Santos et al. (1998) who did not observe significant 
variation in the described growth pattern across any of the 11 cultivars for up to 5 years 
after establishment, although competition did influence the seasonal growth pattern in 
all cultivars where stocking exceeded 660 stems ha
-1. Hence, it can be expected that 
competition in the future may affect the growth of hazel at the Hazel Hill site where 
stocking is currently 666 stems ha
-1. 
 
Santos et al. (1998) suggested sunshine hours and mean daily air temperatures were 
significant factors in altering shoot growth and nut yield. From the observations of this 
study, shoot growth and leaf area corresponded to seasonal total solar radiation levels,   92
as did C uptake (net photosynthesis). Phloem sap sugar concentrations reflect changes 
in C allocation in response to climate whereby photosynthate is utilised primarily for 
canopy growth early in the season with phloem sap total sugar concentrations increasing 
towards the end of the season at the cessation of growth and increased priority for 
storage. It is difficult to determine what contribution plant internal water balance has on 
phloem sap sugar concentrations in terms of the total amount of C translocated. Late 
season increases in sucrose concentration may have been the result of changes in the 
internal water balance which was supported by phloem sap δ
13C and its close 
relationship with soil moisture (Figure 3.12b). Interestingly, there was not a strong 
relationship between phloem sap δ
13C and refractometer measurements taken of sap 
(R
2=-0.168, P=0.165). This does not agree with the finding of Pate and Arthur (1998) 
and Pate et al. (1998) who found a very strong relationship between these parameters in 
Eucalyptus globulus. In the present study, the use of sucrose concentrations to evaluate 
water stress was found to be more appropriate than refractometer measurements.  
 
Generally growth continued through to April but the progressive increase in allocation 
of C to storage in shoot and root tissues was evident. Increased storage was reflected in 
phloem sap sugar concentrations that increased prior to and during the same period. 
Concentrations of phloem sap sugar taken from the main stem would suggest a greater 
proportion of photoassimilate is translocated to below-ground structures late in the 
season although its destination is unclear other than to assume it is stored in larger root 
tissues and is available as soluble NC in fine roots. The potential increased availability 
of C to ECM structures would be consistent with potential demand for C by the growing 
ascocarp. This supports the need for further investigation of C transfer processes. 
 
Translocation of solutes in xylem sap had distinctive patterns for some but not all 
solutes. The influence of fertilisers applied during September of 2001 on xylem 
translocated solutes is not clear. The most significant changes observed were that of 
total amino acids, K and Ca all of which could have been influenced by the applied 
fertiliser. Amino acids were present during the period of greatest demand for N 
compounds for growth and cellular processes during and immediately post budburst. 
From the months of Dec-01 to Jun-02, amino acid concentrations were at least two 
thirds less than at budburst and declined further during Aug-02. It is assumed that amino   93
Figure 3.20: Comparison of important environmental variables, carbohydrate fluxes in hazel and the proposed truffle life cycle in Western 
Australia.  
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acid concentrations would be higher at bud burst than later in the season irrespective of 
applied fertiliser. Concentrations of S, as sulphate, in xylem sap had a similar profile to 
that of amino acids and are more likely the result of applied fertiliser. Statistically, 
however, S did not change across the course of the season. The relationship between 
amino acids and S is well established in deciduous trees with S being a major 
constituent of amino acid complexes such as cysteine, methionine and glutathione 
(Herschbach and Rennenberg 2001). Potassium levels increased post bud burst, during 
the primary growth phase, as its requirement in metabolic and turgor related processes 
increased but returned to lower levels in Apr-02. The increased presence of Ca in xylem 
sap immediately post budburst is most likely due to increased demand by expanding 
tissues and increased rates of transpiration coupled with its increased soil availability 
due to fertiliser applied during September. The effect of increased soil Ca on physiology 
of hazel is explored further in Chapter 4. Bulk flow of solutes could provide a valuable 
means of indicating key growth events in hazel. The application of specific fertilisers 
during known periods of demand will improve fertiliser efficiency. 
 
Seasonal changes in assimilation corresponded to mean total daily solar radiation and 
VPD, although net daily C uptake did not decline in response to high rates of VPD 
experienced during the warmer months of January and February. The response in 
stomatal conductance to soil moisture level confirms soil moisture is more likely to 
limit C assimilation in this environment although there was no strong indication that this 
occurred. Differences in IWUE between months suggest photosynthesis is most 
efficient in the early part of the growing season when soil moisture and solar radiation 
levels provide for optimum C uptake. There were clear differences in gas exchange 
parameters within the canopy as is a common observation for dense canopy species 
(Niinemets et al. 2004; Turnbull et al. 2002; Wilson et al. 2001). Rates of 
evapotranspiration corresponded to VPD in both seasonal and daily measurements with 
a linear description of the relationship.  This is a typical plant response to environmental 
conditions and is the foundation for many process based growth models (Battaglia et al. 
2004; Esprey et al. 2004; Landsberg et al. 2003). It is also a useful relationship to 
evaluate seasonal water use requirements depending on local conditions.   95
Chapter 4 
The effect of CaCO3 on carbon allocation patterns, nutrient status and 
mycorrhizal development of hazel seedlings grown in a loam kandosol 
4.1 Introduction 
The growth and development of the black truffle fungus Tuber melanosporum is 
believed to be favoured in heavily alkaline, calcareous soils (Chapter 1) and the use of 
agricultural grade lime to increase soil pH in truffière soils is common in Australia, 
New Zealand, north America and parts of Europe to maintain pH between 7.8 to 8.5 
(Delmas 1978; Hall et al. 2001; Hall 1988; Lulli et al. 1999). Increasing the buffering 
capacity of soils using lime allows greater flexibility in cultural practices that may 
otherwise contribute to soil acidification (Bache 1984) which is undesirable. Whilst 
these farming practices may also favour competitiveness of the black truffle over fungal 
competitors, little is known of the impact of either alkaline soil or CaCO3 application on 
the nutrition of hazel plants (Corylus avellana). Typically these plants prefer an acid to 
neutral soil pH for suitable nut production (Milijkovic and Jemric, 1996) although hazel 
is common in the naturally calcareous soils of southern France where deficiencies are 
uncommon (F. Le Tacon pers. comm.) Plants growing in high pH soils often exhibit a 
number of deficiencies as well as toxicities (Lambers et al.1998) and Hall et al. (1989) 
have observed nutrient deficiencies in lime amended soils of New Zealand. Therefore it 
is important to recognise that naturally occurring calcareous soils have differing 
properties to that of lime amended soils. 
 
Nitrogen uptake and nutrition of the host may also be influenced by soil pH where NO3
- 
forms exacerbate other nutrient (particularly Fe) deficiency symptoms but such effects 
can be alleviated by NH4
+ forms of N (Marschner 1986).  Hazel plants often suffer Fe 
deficiency in truffière soils that are naturally calcareous and also those that have been 
heavily limed (Hall et al. 2001). It is well acknowledged that calcareous soils also limit 
the uptake of P, Mn and B (Epstein 1972; Lambers et al. 1998). The effects of lime on 
the physiological aspects of C. avellana have not been reported in detail elsewhere. 
Plant nutrient status has, however, been reported to influence carbon allocation patterns   96
and such effects can be element specific (Marschner et al. 1996). Generally, N 
limitation increases biomass partitioning to roots and increases the root: shoot ratio with 
shoot growth limited primarily by N compounds required for photosynthesis 
(Andersson et al. 1997). A similar effect is observed when P is limited (Lambers et al. 
1998) and therefore increased biomass partitioning below-ground is a likely scenario in 
calcareous soils. Marschner et al. (1996) suggest the opposite occurs during Mg or K 
deficiency with disproportionate allocation of photosynthate above ground. Hence the 
availability and mobility of key nutrients can have a profound influence on sink strength 
in various plant organs.  
 
The general increased availability of key nutrients to mycorrhizal plants creates further 
complexity with regard to biomass partitioning and assimilate source-sink dynamics. 
Whilst the biomass of mycorrhizal fungal hyphae may be considered an extension of the 
plant root system, the greater efficiency of nutrient scavenging and uptake in this type 
of root “extension” may result in very different C dynamics and efficiency in the host 
plant. It is important to mention that photosynthetic uptake of C increases when plants 
are infected with ECM fungi as has been demonstrated in a number of studies (Ek 1997; 
Lamhamedi et al. 1994; Loewe et al. 2000; Reid et al. 1983). This indicates a 
significant cost is associated with the increased nutrient scavenging ability of ECM 
fungi. The exact mechanism(s) by which C assimilation is increased has not been 
identified definitively and is likely to involve many complex above and below ground 
processes (Smith and Read 1997). 
 
There are currently four observed ECM fungi in the Manjimup truffière. These include a 
single species each of Hebeloma,  Scleroderma,  Astraeus, and Paxillus. The 
competitiveness for root occupancy of ECM of each of these species varies and will 
likely depend upon soil and climatic conditions at the site. The abundance of sporocarps 
may or may not be indicative of the level of infection on the host roots. Hebeloma and 
Scleroderma sporocarps appear more abundant at the site compared to both Astraeus 
and Paxillus. Both Hebeloma and Scleroderma appear to have a greater temporal range 
in fruit body production than either Astraeus or Paxillus and may be indicative of fine 
root ECM colonisation patterns. 
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This experiment examined the affect of CaCO3 on the development of specific ECM 
species selected due to their competitiveness with T. melanosporum in the field. 
Increasing soil pH/CaCO3 is a strategy believed to reduce the competitiveness of other 
ECM fungi in an attempt to promote exclusive infection of host plants with T. 
melanosporum (Hall et al. 2001). The fungal species selected for inoculation of 
seedlings were the Hebeloma sp. and Scleroderma sp. found beneath hazel trees at the 
Hazel Hill truffière. Variability in the relative tolerance of these fungi to applied lime 
may exist and if so it will have consequences for the management of commercial 
truffières in non-calcareous soils to which lime is applied.  
 
The experiment also examines whether elevated soil CaCO3 influences biomass 
partitioning and total non-structural carbohydrate in above and below ground plant 
tissues and whether such parameters could be influenced by mycorrhizal status. It was 
necessary to determine if soil applied CaCO3 creates a nutrient imbalance in the host 
plant that could influence biomass and assimilate partitioning and to determine the 
contribution of mycorrhizal infection to host C balance and nutrition in amended soils. 
Hence this experiment tested the following hypotheses; (1) lime application to an acid 
soil increases allocation of host biomass to roots, (2) lime application increases 
concentration of non-structural carbohydrate in fine roots, (3) lime application creates 
nutrient imbalances in the host plant that may limit growth, (4) lime application reduces 
the potential competitiveness of other non-target ECM fungi and (5) colonisation by 
ECM fungi increases demand for photosynthate and increases photosynthetic rate as a 
result. 
4.2  Materials and Methods 
4.2.1  Experimental design and analysis 
The glasshouse experiment followed a completely randomised design with 4 inoculation 
treatments (Uninoculated, T. melanosporum, Hebeloma sp. & Scleroderma sp.) and 4 
lime treatments (0, 10, 20 & 40 mg ground limestone kg
-1 soil) with 6 replicates of 
individual treatments giving a total of 96 pots. The design allowed the univariate 
General Linear Model (GLM) ANOVA to be performed on all sets of measured 
variables. Where significant differences were identified, LSD multiple range tests were 
performed to identify differences (P≥0.05).   98
 
4.2.2  Soil preparation and lime addition 
Soil used for the experiment was a red/brown loam kandosol taken from the 5-15 cm 
horizon beneath native jarrah/karri eucalypt forest adjacent to the Hazel Hill truffière. 
This soil had no history of lime or fertiliser application. Soil was sieved to 4 mm on site, 
bagged, transported back to the university campus and steam pasteurised at 80°C twice 
and air-dried. The chemical composition of the soil prior to lime addition is given in 
Table 4.1.  Nutrient analysis of soil was carried out by CSBP Futurefarm laboratories 
(Phoenix Rd, Bibra Lake). Ground limestone (<1 mm mesh) was applied and mixed at 
rates determined by means of a pH response to incremental lime addition to 2 kg of the 
same soil. An incubation period of 7 days at soil field capacity (previously determined 
to be 10 % w/v) was allowed before determining pH. The following lime addition rates 
were determined; 0, 10, 20 and 40 g of ground limestone kg
-1 dry soil resulting in a pH 
(CaCl2) of 6.63, 7.28, 7.8 and 7.95, respectively. Initially the soil was not amended with 
any additional nutrients. Plastic pots used for the experiment (15 cm diameter) were 
lined with plastic bags to which 2 kg of soil was added prior to any lime addition. Lime 
was mixed into the soil of individual pots by hand before incubating the soil at field 
capacity for 7 days prior to planting. Plastic lined pots were used to maintain a fixed 
amount of lime and nutrients per volume of soil.  
 
Table 4.1: Chemical analysis of forest soil prior to lime addition. 
Analysis Result  Analysis  Result 
pH (H2O) 7.3  Mn  (DTPA) (mg kg
-1) 2.53 
pH (CaCl2) 6.6  Fe  (DTPA) (mg kg
-1) 9.15 
Total N (%)  0.03  Reactive Fe (mg kg
-1) 677 
NO3
- –N (mg kg
-1)  3  Ca (meq 100 g
-1) 1.61 
NH4
+ –N (mg kg
-1)  2  Mg (meq 100 g
-1) 0.29 
Total P (mg kg
-1)  85.4  Na (meq 100 g
-1) 0.15 
P (Colwell) (mg kg
-1)  9  K (meq 100 g
-1) 0.13 
K (Colwell) (mg kg
-1) 54  B  (CaCl2) (mg kg
-1) 0.4 
S (mg kg
-1)  9.6  Organic C (%)  0.44 
Cu (DTPA) (mg kg
-1)  0.33  Conductivity (dS m
-1) 0.038 
Zn (DTPA) (mg kg
-1) 0.28       99
 
4.2.3 Plant  material 
Three-month old seedlings of Corylus avellana were obtained from a commercial 
nursery at West Manjimup and transferred to a glasshouse at Murdoch University 
campus where they were maintained for two weeks prior to inoculation and 
transplanting in May 2001. The nursery seedlings had been raised from seed in 56-cell 
root trainer pots containing a vermiculite-perlite mix and were not treated with 
fertilisers or pesticides.  Seedlings for the experiment were chosen randomly from a 
batch ready for commercial inoculation and heights were 10.24 cm ± 0.94 SE.  
 
4.2.4 Fungal  material 
Fungal material for inoculation was obtained from fruiting bodies collected beneath 
hazel plants at the Hazel Hill truffière with the exception of T. melanosporum. 
Ascocarps of T. melanosporum were supplied by Treetec Consulting Pty. Ltd and were 
originally supplied by Mr J. Peybre of France as freeze-dried material. A sample of the 
inoculum was DNA tested to confirm its integrity (W. A. Dunstan pers. comm.) using 
the universal primers ITS 1 and ITS 4 and PCR amplification of subsequent sequences 
as previously described by Rubini et al. (1998). Approximately 10 g of freeze dried T. 
melanosporum material was weighed and homogenised in 500 ml DDI water (Brundrett 
et al. 1996). Young, fresh sporocarps of Hebeloma sp. and Scleroderma sp. were 
collected at the Manjimup truffière and transported to the laboratory for preparation. 
Sporocarps of Hebeloma sp. had the stipe removed and as much non-sterile tissue (i.e. 
cap surface) as possible was removed before being weighed and homogenised in 500 
mL of sterile DDI water (Brundrett et al. 1996). Sterile spore tissue of Scleroderma sp. 
sporocarps was removed, weighed and homogenised in 500 ml DDI water (Brundrett et 
al. 1996). Slurry suspensions were prepared from these stock solutions following spore 
density assessment with a haemo-cell counter (Table 4.2). All inoculum preparations 
were stored for 1 week at 4 ºC prior to use.    100
Table 4.2: Spore density of inoculum slurry. 
 
4.2.5 Inoculation  and  maintenance 
Inoculation of seedlings involved removal of ~20 % of seedling growing substrate from 
roots prior to immersing in inoculum slurries. Inoculum slurries were prepared by 
mixing with a starch based cross-linked polymer (details suppressed under commercial 
confidence) to increase viscosity of slurries to aid adhesion to roots. Seedlings were 
transplanted in experimental soil and given a light watering to settle the soil in the root 
zone. Pots were maintained between 80 and 100% field capacity and were watered and 
randomised every second day for the duration of the experiment. Aluminium 
sisalation™ (reflective insulation) was cut to fit planted pots to reduce evaporation from 
the soil surface and help maintain a more even distribution of soil moisture within the 
pot. 
 
Photoperiod during the shorter winter months was extended by 5 hours per day with the 
use of two 400W Growplus
® sodium lamps placed 1.2 m above potted plants. 
Photosynthetically active radiation (PAR) was recorded monthly on clear sunny days. 
Eight weeks following inoculation, and every fortnight thereafter, plants received 
additional N as NH4NO3 solution applied directly to the soil at a rate of 36 mg kg
-1 dry 
soil. In addition, a fortnightly application of 20 ml of ¼ strength Thrive™ soluble 
fertiliser was used to maintain adequate nutrient levels. 
 
4.2.6  Measurements of leaf gas exchange 
Measurements of gas exchange were conducted on the youngest fully expanded leaf 
(YFEL) 7 days prior to harvest with a CIRAS-2 infra red gas analyser (IRGA) (PP 
Systems, UK) connected to a PLC-6 Parkinson leaf cuvette. Net CO2 assimilation rate 
(A), transpiration rate (E), stomatal conductance (gs) and sub-stomatal CO2 
Fungus  Spores mL
-1 
(x 10
6) 
Volume of stock spore 
solution in 300 mL DDI 
water 
Spore count in final 
slurry solution (x10
6) 
Hebeloma sp.  1.9875  3.18  5.50 
Scleroderma sp.  4.1375  1.30  5.38 
Tuber melanosporum  0.3660 150  5.49   101
concentration (Ci) were calculated according to von Caemmerer and Farquhar (1981). 
Instantaneous water-use efficiency (IWUE) was determined from the ratio of A/E 
(mmol mol
-1) and intrinsic gas-exchange efficiency (IGEE) calculated as the ratio A/gs 
(µmol mol
-1) (after Premachandra et al. (1997). All measurements were taken under 
constant light intensity set to 1500 µmol mol
-1 photosynthetic photon flux density 
(PPFD) with the PLC-6 external halogen light attachment. The cuvette environment was 
maintained at the following parameters; CO2 concentration was set at 360 ppm, cuvette 
H2O supplied at 8.2 millibars (mb) and cuvette temperature maintained at 29 °C and 
was representative of glasshouse temperature during the measurement period. 
 
4.2.7 Harvest 
Plants were harvested after 349 days in May 2002 over a 3-day period. Plant roots were 
washed free from soil over a 2 mm sieve and care was taken to minimise loss of fine 
roots and root tips. The original soil mix of nursery seedlings provided a boundary to 
identify between the outer and inner root zones. Tuber melanosporum has particularly 
slow growing hyphae (Iotti et al. 2001) that may limit its exploration capacity hence its 
colonisation potential. To account for this, root systems of all seedlings were divided 
into the inner and outer root zones where the inner root zone included roots extending 3 
cm from the original root ball. The remainder of the root system was classified as the 
outer root zone.  
 
Shoot material was separated from the root system, leaves and stems separated and fresh 
weights determined and stored at –20°C for later analysis. Wet weight of root material 
was determined, placed in plastic bags and maintained at 4°C prior to sub-sampling of 
fine roots for mycorrhizal assessment. A random subsample of fine roots was collected 
from roots of each of the identified inner and outer root zones. Material for mycorrhizal 
assessment was stored in 70% ethanol. Roots were stored at 4°C for no longer than 3 
days following harvest and after sub-sampling were stored at –20°C prior to freeze 
drying. Stem, leaf and root material were freeze-dried and total dry weights determined. 
Root and stem material were ground in a retch mill grinder to a mesh size of 1 mm. This 
material was used for carbohydrate analyses.  
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4.2.8 Chlorophyll  analysis 
Prior to freeze drying, the YFEL’s used for gas exchange measurements were 
subsampled where leaf disks (2.5 cm
-2) were removed with a cork borer and weighed to 
determine fresh weight. Leaf disks were placed in scintillation vials with 5 ml of 
dimethyl-sulphoxide (DMS) and placed in the dark for 24 hrs. Extracts were read in a 
spectrophotometer at 665, 649 and 480 nm and converted to chlorophyll concentrations 
using the coefficients given by Wellburn (1994).  
 
4.2.9  Foliar nutrient analysis 
Material of young to mid-age leaves at harvest were bulked, dried to constant weight 
(70 °C oven) and ground to a fine powder in a stainless steel Breville™ coffee grinder. 
Total Kjeldahl N was determined following digestion of material in sulphuric acid. P, 
K, Mg, Fe, Mn, Ca and Cu were determined by ICP following nitric acid digestion in a 
CEM Mars 5 microwave (CEM Corporation, NC, USA) (Huang et al. 2004). 
Assessment of foliar nutrient status was made using the interpretations of Olsen (2001) 
that are based on leaf tissue analysis of plants in field situations. 
 
4.2.10 Mycorrhizal  assessment 
Mycorrhizal assessment of root material was carried out using a microscope and the line 
intercept method described by Grand and Harvey (1982). All fungal morphotypes were 
assessed including any contaminating fungi. Colonisation was expressed as a percentage 
of fine root length infected. Any contaminating morphotypes were similarly recorded. 
The relative proportion of total colonisation by each morphotype was calculated. The 
line intercept method used for mycorrhizal assessment found a lower proportion of fine 
roots were infected with ECM compared to field samples (Chapter 3). For this reason it 
was not appropriate to compare results obtained in glasshouse and field studies but 
comparisons within these settings remain entirely appropriate. 
 
4.2.11  Carbohydrate analysis  
Details of TNC extraction and assay procedures are as given in Chapter 3 except for 
changes to the weight of dry material used for carbohydrate extraction. Carbohydrates 
from stem and fine root material were extracted from 40-50 mg DW material.   103
4.3 Results 
4.3.1 General  observations 
All plants throughout the duration of the experiment exhibited a high turnover of foliage 
with, generally, older leaves showing marginal chlorosis that progressed to necrotic 
margins and eventually leaf abscission irrespective of lime treatment. This was initially 
attributed to a nutrient deficiency, however, following foliar application of Mg, K and 
Fe these symptoms did not improve substantially. Nevertheless, young to mid-age 
leaves remained healthy and were used for measurements of gas exchange, chlorophyll 
and inorganic nutrient analysis. Inadequate light conditions (intensity, quality and 
daylength) during winter (lamps provided between 150-200 µmol m
-2 s
-1 PAR for an 
additional 5 hours during winter) and high temperatures during summer (Mean 
maximum temperature during warmest month was 32.1 °C) in the glasshouse were 
suspected of at least contributing to the symptoms described above. Biomass from leaf 
drop was not quantified in any way during the experiment. Development of primordia 
and fruit bodies was not observed in treatment pots with the exception of a Thelephora 
sp. that was observed in the majority of pots at some point during the experiment. 
Thelephora is a common glasshouse contaminant and when fruit bodies appeared they 
were removed.  
 
4.3.2  Soil pH at harvest 
Inoculation treatment significantly influenced soil pH in pots that were not treated with 
lime (0 g kg
-1), whereas in limed treatments, fungal colonisation did not affect pH. 
Compared to the uninoculated control, soil pH in unlimed pots was significantly lower 
with inoculated seedlings indicating these fungi have the ability to reduce soil pH 
(Figure 4.1). In the unlimed treatment, the presence of roots and the non-target 
Thelephora ECM in the uninoculated treatment did not affect pH as there was no 
difference in soil pH at the start and end of the trial.  In the case of all lime amended 
pots, pH did not differ significantly from those levels observed at the beginning of the 
experiment.  
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4.3.4  Allocation of biomass 
There was no significant interaction of lime and fungal treatments in any measurements 
of biomass (Table 4.3). Leaf DW was affected by fungal treatment (Table 4.3) and 
Hebeloma inoculated plants had significantly greater leaf biomass than Tuber and 
Scleroderma inoculated plants but not greater than uninoculated plants (Figure 4.2a). 
Stem DW showed a significant response to lime application (Figure 4.2b) and multiple 
range tests indicated an increase in stem DW in response to 10 g kg
-1 lime compared to 
the 0 g kg
-1 control. Root: whole plant DW ratio indicated a significant affect of lime 
treatment but no affect of fungal treatment. The result of one-way ANOVA of lime 
treatments indicated a significant reduction in the root: whole plant DW ratio in 
response to lime addition relative to the control (Figure 4.2c).  
 
 
 
 
P=0.001 a
b b b
Uninoculated
T. melanosporum
Scleroderma sp.
Hebeloma sp.
0.0
2.0
4.0
6.0
p
H
Figure 4.1: Mean pH (CaCl2) of soil taken from pots unamended with lime (0 g kg
-1) 
and the response to fungal treatment. P-value indicated is the result of one-way 
ANOVA between fungal treatments and results of LSD multiple range test are 
indicated by letters where the same letter indicates no significant difference (P≥0.05).  105
 
 
Table 4.3: Results of General Linear Model (GLM) ANOVA of treatment effects. 
Figures in bold type indicate significant treatment affects at P≤0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Biomass allocation  Fungus  Lime  Fungus x Lime 
Shoot height  0.128  0.407  0.272 
Total plant DW  0.068  0.407  0.272 
      Shoot DW  0.140  0.194  0.466 
           Stem DW  0.364  0.040  0.149 
           Leaf DW  0.016  0.483 0.910 
      Root DW  0.060  0.315  0.181 
Root: whole plant DW ratio  0.485  0.005  0.435 
Gas exchange     
      Assimilation rate (A)  0.000  0.153  0.004 
      Evapotranspiration (E)  0.000  0.166  0.016 
      Stomatal conductance (gs)  0.000  0.390  0.024 
      Substomatal CO2 (Ci) 0.515  0.698  0.081 
      IWUE  0.674  0.163  0.078 
      GEE  0.209  0.595  0.056 
Chlorophyll     
      Chl. a 0.271  0.794  0.007 
      Chl. b   0.101  0.717  0.004 
Total chlorophyll   0.254  0.774  0.006 
TNC’s     
      Fine root - soluble  0.213  0.714  0.136 
      Fine root - insoluble  0.211  0.016  0.657 
      Stem – soluble  0.002  0.206 0.503 
Stem – insoluble  0.143  0.401  0.360 
Foliar nutrients     
      N  0.068  0.178  0.860 
      P  0.000 0.000  0.414 
      K  0.096  0.416  0.875 
      Mg  0.210  0.067  0.768 
      Ca  0.321  0.000  0.756 
      Fe  0.074  0.628  0.012 
      Mn  0.041  0.000  0.548   106
 
 
 
4.3.5 Mycorrhizal  infection 
Mycorrhizal assessment using microscopy found that morphotypes of inoculated fungi 
were distinct (Figure 4.3) and easily separable from a contaminating Thelephora sp.. 
Thelephora is a common glasshouse contaminant identified world-wide and was found 
in all treatment pots. Tuber was not affected by lime treatment but overall colonisation 
rates were low compared to Hebeloma and Scleroderma treatments (Figure 4.4). The 
highest recorded mean root length colonized by Tuber was 5.5% and variation between 
lime treatments was less than 3%. Root colonisation by Hebeloma and Scleroderma 
declined significantly with increasing lime application (Figure 4.4). The highest lime 
Figure 4.2: Leaf DW response to fungal treatment (a), Stem DW (b) and root: whole 
plant DW ratio (c) response to lime treatment. P-value indicated in each case is the 
result of one-way ANOVA between treatments and results of LSD multiple range test 
are indicated by letters where the same letter indicates no significant difference 
(P≥0.05). Error bars indicate SE.
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treatment (40 g kg
-1) reduced infection of Scleroderma and Hebeloma by 15 and 25% 
respectively. Hebeloma had higher levels of infection than Scleroderma and Tuber yet 
appeared the most sensitive to elevated levels of lime. Thelephora infection levels were 
intermediate between treatments inoculated with Tuber or Scleroderma and ranged 
between 4.4 and 16.3% root length colonised. The response to lime by this contaminant 
was less profound than that of Hebeloma and Scleroderma, nonetheless, there was a 
significant reduction in infection at the highest rate of lime (Figure 4.5a). More 
profound was the response of the contaminant to inoculation treatments where the level 
of infection decreased in the presence of other ECM fungi, particularly Hebeloma 
(Figure 4.5b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Fungal morphotypes identified on roots of harvested plants; (a) Tuber 
melanosporum, (b) Hebeloma sp., (c) Scleroderma sp. and (d) Thelephora sp. 
a  300 µm  b 500 µm 
d 250 µm  c  500 µm   108
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Figure 4.5: Response of Thelephora sp. to lime (a) and fungal treatment (b). P-values 
are the result of one-way ANOVA between treatments and results of LSD multiple 
range test are indicated by letters where the same letter indicates no significant 
difference (P≥0.05). 
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Figure 4.4: Root colonisation levels of target ECM species in the inner and outer root 
zones. P-values are the result of one-way ANOVA between treatments and results of 
LSD multiple range test are indicated by letters where the same letter indicates no 
significant difference (P≥0.05). Error bars indicate SE.   109
4.3.6  Leaf gas exchange  
There was a significant interaction between fungal and lime treatments on A, E and gs 
(Table 4.3). There was no clear trend evident in data sets in response to lime (data not 
shown), however, the effect of fungal treatment was significant (Table 4.3; Figure 4.6a-
c). Inoculation significantly increased all three mentioned parameters compared to 
uninoculated plants. There was a >50% increase in plants inoculated with Tuber and 
Scleroderma and slightly less in Hebeloma treated plants. Evapotranspiration and 
stomatal conductance had very similar patterns (Figure 4.6b & c). There was a 
significant reduction in gs and E of plants inoculated with Hebeloma compared with 
Scleroderma and Tuber. Sub-stomatal CO2 concentration (Ci), water-use (IWUE) and 
gas exchange (GEE) efficiencies of plants were not affected by lime and fungal 
treatment or the interaction of these treatments (Table 4.3). There was no correlation 
between infection rates and gas exchange parameters. 
 
4.3.7 Chlorophyll  concentration 
There was a significant Fungus x Lime interaction on chlorophyll a,  b and total 
chlorophyll concentrations although neither fungal nor lime treatment was significant 
(Table 4.3). However, seedlings inoculated with Tuber showed a decline in total leaf 
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Figure 4.6: Effect of fungal treatment on net assimilation rate (A) (a), stomatal 
conductance (gs) (b) and evapotranspiration rate (E) (c). P-values indicate the result of 
one-way ANOVA between fungal treatment and results of LSD multiple range tests are 
indicated by letters where the same letter indicates no significant difference (P≥0.05). 
Error bars are SE 
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chlorophyll at high lime in contrast to seedlings inoculated with Hebeloma (Appendix 
IV). 
4.3.8 Carbohydrate  concentration 
Concentration of total NC in stem tissue was greater than 2-fold that of fine roots and 
this pattern was similar for both soluble and insoluble forms. The insoluble form was 
the greatest proportion of total NC in both cases. Stem soluble NC was significantly 
affected by fungal treatment and one-way ANOVA indicated plants inoculated with 
Tuber had a higher (>9%) concentration of insoluble NC in stem material compared to 
all other treatments (Figure 4.7a). There was no response in stem insoluble NC 
concentrations to other fungal treatments. Analysis of NC in fine roots indicates that 
lime had a significant effect on insoluble NC (Table 4.3) and one-way ANOVA 
indicates liming resulted in at least a 16% increase in insoluble NC tissue concentrations 
compared to plants grown with 0 g lime kg soil
-1 (Figure 4.7b). This is in contrast to 
soluble NC in fine roots that were not affected by any treatment. The effect of lime on 
insoluble NC in fine roots appeared the most consistent response to any treatment. 
 
There were no differences in fine root NC between fungal treatments, however, overall 
mycorrhizal infection was significantly correlated with fine root NC (Table 4.4). A 
weak negative relationship was observed between total mycorrhizal infection and both 
total and insoluble NC whereas there was no relationship between mycorrhizal infection 
and fine root soluble NC. Hence, an increasing level of mycorrhizal infection reduced 
the tissue concentration of insoluble NC but not the soluble fraction of NC in fine roots. 
This implies mycorrhizal infection had a significant impact on the storage of 
carbohydrates in fine roots, which is likely to be the result of increased demand for 
soluble NC by mycorrhizal root tips. 
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Table 4.4: Pearson’s correlation coefficient of total mycorrhizal infection and the 
components of fine root NC. 
 
 Mycorrhizal  infection 
 Coefficient  P-value 
Total NC  -0.297  0.003 
Insoluble NC  -0.309  0.002 
Soluble NC  -0.107  0.299 
 
4.3.9  Foliar nutrient concentration 
Foliar analysis data suggest that plants did respond in some way to fungal and lime 
treatment with only foliar Fe concentrations responding to the treatment interaction 
(Table 4.3). Table 4.5 provides a summary of foliar nutrient levels and the adequacy, or 
not, of the different nutrients according to Olsen (2001). Application of 10 g lime kg
-1 
increased foliar Ca across all fungal treatments but there was no further increase at 
higher rates (Figure 4.8a). Calcium values were within the range identified by Kirkby 
and Pilbeam (1984), however, Olsen (2001) considers Ca is deficient if foliar 
concentrations are below 6 mg g
-1 DW in field grown hazel. Hence, plants grown 
without lime may have been marginally deficient in Ca. In contrast to Ca, foliar Mn 
concentrations declined with lime addition (Figure 4.8b) and were generally considered 
inadequate to deficient at the higher rates of lime. Adequate Mn concentrations occurred 
in plants not treated with lime.  
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Figure 4.7: Effect of fungal treatment on stem soluble NC (a) and lime treatment on 
fine root insoluble NC (b). P-values indicate the result of one-way ANOVA between 
fungal treatment and results of LSD multiple range tests are indicated by letters where 
the same letter indicates no significant difference (P≥0.05). Error bars are SE.   112
 
Lime also decreased foliar P concentrations by ca. 30% in all pots amended with lime 
(Figure 4.9a). Plants inoculated with Hebeloma had higher foliar P (Figure 4.9b) 
suggesting they had greater availability of P than other fungal treatments. There was a 
strong positive relationship between the percentage of root length infected with 
Hebeloma sp. and foliar P concentration (Pearson’s correlation coefficient: 0.771, 
P<0.001). 
 
There was an interaction between fungal and lime treatments on foliar Fe 
concentrations. A significant reduction in foliar Fe concentration occurred in plants 
inoculated with Tuber with increasing lime (Table 4.5). An alternate trend occurred in 
uninoculated plants where concentrations appeared to increase with increasing soil 
CaCO3 levels but, statistically, this was not significant. Foliar Fe concentrations were 
variable but remained within the adequate concentration range identified by Olsen 
(2001) with the exception of Tuber treated plants at the highest rate of lime which had 
37.1 µg g
-1 DW. 
 
 
 
 
 
Figure 4.8: Effect of lime treatment on Foliar Ca (a) and Mn (b) concentrations. P-
values indicate the result of one-way ANOVA between fungal treatment and results of 
LSD multiple range test are indicated by letters where the same letter indicates no 
significant difference (P≥0.05). Error bars are SE
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Figure 4.9: The effect of lime (a) and fungal (b) treatment on foliar P concentrations. 
P-values indicate the result of one-way ANOVA between fungal treatment and results 
of LSD multiple range test are indicated by letters where the same letter indicates no 
significant difference (P≥0.05). Error bars are SE.
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Table 4.5: Mean inorganic nutrient concentrations of bulk leaf material. SE is indicated in parentheses. Results have been interpreted using the 
classification of Olsen (2001) for hazel and are indicated by colour shading. 
Lime 
(g/kg) 
Fungal 
treatment 
N 
(%) 
P 
(mg g
-1) 
K 
(mg g
-1) 
Ca 
(mg g
-1) 
Mg 
(mg g
-1) 
Fe 
(µg g
-1) 
Mn 
(µg g
-1) 
Cu 
(µg g
-1) 
0 Uninoculated 1.20 (0.26)  0.35(0.069)  4.27(1.08) 4.73(0.58)  1.46(0.16)  64.80(10.9)  61.05(14.1)  2.33 (0.20) 
  Tuber  1.36 (0.16)  0.28(0.027)  3.98(0.57) 4.20(0.32)  1.30(0.11)  90.38(13.2)  84.60(14.8)  4.90 (0.85) 
  Scleroderma  1.48 (0.38)  0.26(0.028)  3.77(0.85) 3.81(0.11)  1.25(0.08)  68.56(6.4)  73.76(7.3)  4.02 (0.95) 
  Hebeloma  1.27 (0.06)  0.42(0.032)  3.12(0.19) 4.28(0.31)  1.33(0.08)  156.05(46.5)  109.15(12.9)  4.18 (0.40) 
10 Uninoculated 1.23 (0.07)  0.23(0.017)  3.59(0.19) 12.78(0.61)  1.22(0.08)  106.53(25.2)  18.08(1.4)  1.93 (0.08) 
  Tuber  1.56 (0.20)  0.22(0.013)  3.76(0.47) 11.10(1.17)  1.25(0.10)  92.50(17.7)  31.20(16.8)  3.67 (0.62) 
  Scleroderma  1.46 (0.14)  0.22(0.009)  4.41(0.47) 12.46(0.40)  1.11(0.04)  59.03(20.9)  14.27(1.8)  2.13 (0.19) 
  Hebeloma  1.30 (0.10)  0.25(0.013)  3.13(0.29) 11.17(0.75)  1.16(0.11)  85.35(26.6)  19.60(2.0)  2.53 (0.14) 
20 Uninoculated 1.41 (0.30)  0.21(0.016)  3.34(0.33) 12.30(0.71)  1.13(0.12)  127.45(55.0)  20.43(3.0)  1.65 (0.17) 
  Tuber  1.60 (0.29)  0.22(0.010)  4.38(0.70) 11.25(0.85)  1.00(0.08)  52.08(13.1)  16.10(2.0)  2.18 (0.25) 
  Scleroderma  1.33 (0.49)  0.23(0.012)  5.51(1.83) 12.94(1.52)  1.13(0.07)  55.33(14.3)  15.47(2.8)  2.10 (0.45) 
  Hebeloma  1.34 (0.15)  0.26(0.015)  3.67(0.50) 12.60(0.72)  1.11(0.07)  129.57(64.2)  22.92(1.2)  3.35 (0.52) 
40 Uninoculated 1.42 (0.19)  0.23(0.013)  4.32(0.53) 12.07(0.60)  1.29(0.03)  165.14(51.8)  18.22(2.9)  4.30 (1.49) 
  Tuber  1.40 (0.22)  0.22(0.022)  4.38(1.02) 11.84(1.39)  0.95(0.18)  37.08(4.4)  16.08(1.9)  2.68 (0.95) 
  Scleroderma  1.98 (0.42)  0.21(0.019)  4.82(0.29) 12.79(0.83)  1.18(0.17)  134.57(26.9)  11.88(1.6)  2.33 (0.11) 
  Hebeloma  1.73 (0.33)  0.27(0.009)  3.90(0.55) 13.29(1.36)  1.29(0.13)  74.53(20.1)  18.10(3.4)  2.73 (0.50) 
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4.4 Discussion 
Key findings were that liming 1) increased biomass allocation to the shoot, 2) increased 
the concentration of insoluble NC in fine roots, 3) reduced ECM infection levels by 
Scleroderma, Hebeloma and Thelephora, and 4) reduced foliar P and Mn. With respect 
to inoculation with ECM fungi, the primary findings were that 1) inoculation acidified 
the unlimed soil, 2) inoculation significantly increased photosynthesis and gas exchange 
by the host, and 3) infection rates were negatively correlated with both total and 
insoluble NC of fine roots. 
 
The reduction in root: whole plant DW ratio in response to liming is not typical of 
responses reported in much of the literature that demonstrate allocation to roots tends to 
increase in limed and alkaline soils (Kerley 2000; Picchioni et al. 2001). It could be 
argued that the response in root: whole plant DW ratio might reflect a typical response 
to ECM colonisation (Smith and Read 1997), but in this case must be rejected as the 
root: whole plant DW ratio did not respond to fungal treatment. At harvest there was no 
evidence that root growth was limited by pot size. The increase in stem DW was the 
primary contributing factor to the decrease in root: whole plant DW ratio. The allocation 
of biomass to the stem could not be attributed to storage of NC in this organ given the 
results of this experiment. Across all lime and fungal treatments root biomass accounted 
for >65% of whole plant biomass indicating there was still a disproportionate allocation 
of biomass to roots.  
 
Despite no increased allocation of biomass to roots as a result of lime or fungal 
treatment there was an increase in NC concentration in fine root tissue. Insoluble NC 
increased in response to lime addition whereas soluble forms were unaffected. It is 
unlikely that the movement of NC from host to symbiont is reduced or limited due to 
the application of lime given that the availability of soluble NC remains unchanged in 
fine roots. A study of seasonal changes in soluble and insoluble NC would be useful to 
determine if increased insoluble NC sustains or prolongs the availability of soluble 
carbohydrates in limed soils.  
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It is not conclusive from this experiment whether the availability of carbohydrate has 
any influence on rates of mycorrhizal infection of any of the fungi examined. There was 
a weak, negative correlation between mycorrhizal infection and fine root insoluble NC 
but not for soluble NC. The decreasing trend of insoluble NC could be the result of 
increased demand for soluble carbohydrate by mycorrhizal structures. In an earlier study 
by Wallander et al. (1994), both soluble and insoluble forms of carbohydrate decreased 
following mycorrhiza formation. Assay of activities of key enzymes would assist in 
determining if insoluble NC forms play a role in maintaining soluble NC levels 
available for uptake by ECM. Generally, it is assumed that current photosynthate is 
utilised by ECM fungi rather than storage reserves (Chapter 1). 
 
The low infection rates observed of all ECM fungi in this experiment is most likely due 
to the greater proportion of fine roots in the sample compared to field collected material 
(compare to Chapter 3). Despite differences in overall infection rate between T. 
melanosporum and other target ECM species, it is apparent that infection levels of both 
Scleroderma and Hebeloma can be reduced in these soils by the application of lime with 
no negative impact on T. melanosporum, at least at the liming rates examined and 
colonisation levels observed. Species of Scleroderma and Hebeloma are well known for 
their occupation of host root systems in truffières throughout the world (Brown 1998; 
Hall et al. 2001; Sourzat 1994). Therefore, lime addition could provide an effective 
means of reducing rates of colonisation by these species. Similarly, the contaminant 
identified in this study, Thelephora, is a common morphotype observed on glasshouse-
grown plants but is also known to frequent field plants, particularly during the 
establishment stage (Colpaert 1999; Kranabetter and Friesen 2002). Colonisation by this 
fungus was also reduced at high lime. Perhaps more significantly, Thelephora infection 
was lower in the presence of the other ECM fungi, particularly Hebeloma and 
Scleroderma, indicating its poor competitive ability. Hebeloma is a particularly 
aggressive competitor that competes extremely well for space on fine roots (Olivier et 
al. 1996) and appeared to effectively out-compete Thelephora in this study.  The poor 
competitive ability of Thelephora observed in this study is a likely factor for its rapid 
decline from fine roots of planted seedlings soon after establishment. Thus it is not 
likely to be a significant competitor of T. melanosporum in the field. However, 
seedlings in the nursery are vulnerable.  
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Marmeisse  et al. (1999) suggested that most Hebeloma spp. are early succession, 
pioneer colonists of plant roots. Similarly, Scleroderma spp. are known to appear early 
in the fruiting succession of ECM, often on cleared land under young trees (Jefferies 
1999). This could be attributed to their ability to form extensive mycelial networks of 
rhizomorphs in the soil that enable them to rapidly colonise roots of young plants 
(Agerer 2001; Jefferies 1999). Given the response of the three competitors of T. 
melanosporum examined here, it is more than reasonable to continue to recommend the 
use of lime to reduce their competitiveness for space on fine roots. Given the pioneer 
status of these groups, lime application would also serve to minimise their impact 
during the establishment phase when it is most critical to both short and long-term 
truffle production. Despite this it is important to acknowledge that excess lime 
application is reputed have a negative impact on establishment and production of 
truffles as experienced in some truffières in North America (Garland 2001). The form of 
lime used can have differing affects on both pH and plant growth, for example Garland 
(2001) found hydrated forms can severely burn plants if applied in excess, whereas, 
more stable forms, such as dolomite (MgCO3) and ground limestone (CaCO3) were less 
volatile and act slowly to change pH depending on soil conditions. 
 
In general, nutrient deficiency was indicated by foliar analysis and can be attributed to 
the initially poor nutrient content of this soil and inadequate fertiliser application during 
the experiment. The kandosols of south-western Australia are renowned for their low 
nutrient status particularly with respect to phosphorus which is adsorbed in high 
quantities in these soils (Bolland and Gilkes 1990). From this study it is clear that newly 
cleared land requires substantial input of fertilisers for productive growth of host trees 
and, potentially, of target ECM fungi.  
 
There was a clear response in foliar nutrients to lime treatment with P, Ca and Mn 
showing the greatest response. Mn deficiency is common in alkaline soils although it is 
more common to see symptoms of Fe, Mg, K and P deficiency in plants in alkaline soils 
(Lambers et al. 1998). Kerley (2000) suggests the competitive inhibition of Mn uptake 
by the abundance of Ca at the root interface reduces Mn uptake. This is the most 
probable cause of the low Mn concentrations in this study. It is also important to 
acknowledge that competition by cations for uptake by plants is relative to their   118
concentration in the soil substrate. The greater the concentration the greater the 
competitive ability in alkaline soils (Marschner 1986).  
 
Foliar analysis suggests that Hebeloma increased the uptake of P and this was probably 
due to the extensive network of extramatrical hyphae (Tibbett and Sanders 2002). 
However, data on whole plant nutrient concentrations are needed to substantiate this 
suggestion. Despite the higher foliar P concentrations in Hebeloma treated plants, foliar 
P levels indicated P deficiency across all fungal and lime treatments. Hence, P 
availability is a major consideration in this soil type. From this study it appears the 
amendment of this acid kandosol with lime will create nutrient imbalances for tree 
growth if the soil is not tested and treated accordingly prior to establishment in the field. 
Regular plant tissue analysis is required to ensure soil nutrient levels are adequate for 
plant growth. This will likely vary between host plant species used in truffières. Further 
work is necessary to define foliar nutrient concentrations in hazel that are optimal for 
promoting mycorrhizal growth and development of T. melanosporum as opposed to 
optimal growth for nut production. 
 
The modification of the soil environment is one means by which mycorrhizal fungi can 
increase the uptake of limited soil nutrients (Marschner and Dell 1994). In soil untreated 
with lime, it was observed that inoculation with T. melanosporum,  Hebeloma or 
Scleroderma reduced pH compared to natural colonisation by the contaminant, 
Thelephora, in the control fungal treatment. The excretion of organic acids (particularly 
oxalic acid) is common in many species of ECM fungi (Cromack et al. 1979; Lapeyrie 
et al. 1987; Lapeyrie et al. 1990; Malajczuk and Cromack 1982; Wallander 2000) and is 
a likely cause of such acidification. Interestingly, this affect was annulled in all 
treatments where pH was modified using lime, even at the lowest rate. This indicates 
modification of soil pH is beyond the capability of these fungi where the soil is 
sufficiently buffered. The relative effectiveness of these fungi in providing sufficient 
benefit in nutrient uptake with the associated carbon cost to the host plant is questioned. 
This cost-benefit scenario may be a means for selection against fungal species incapable 
of countering the buffering capacity of the soil, particularly in the presence of lime. This 
is a more likely scenario for both Hebeloma and Scleroderma used in the experiment 
but appears not to apply to T. melanosporum given it did not respond to lime   119
application. It was not possible to determine to what extent Thelephora may acidify the 
soil. 
 
Dramatic changes in gas exchange parameters in response to fungal treatment were 
observed in this work and similar patterns have been observed by other workers 
(Hampp et al. 1995; Lamhamedi et al. 1994; Loewe et al. 2000; Nylund and Wallander 
1989). This increased demand for photosynthate by ECM is well acknowledged 
although the precise means by which this occurs is not known. Initial thought was that 
the increased supply of nutrients provided for increased activity of the photosynthetic 
apparatus. Hormonal regulation of photosynthesis has been postulated as has the 
principles of source-sink relationships (Herold 1980; Lambers et al. 1998). In reality, 
these mechanisms may operate together with varying levels of independence. 
Regardless, it is clear the fungal symbiont creates a formidable sink for C. In this 
experiment, photosynthetic rate increased across all inoculated groups despite foliar P 
concentrations being higher in only those plants inoculated with Hebeloma sp.. No other 
foliar nutrients appeared to relate to patterns of photosynthesis and therefore the 
observed pattern cannot be directly attributed to nutrient availability.  
 
Soluble NC tissue concentrations of stem material did increase in line with 
photosynthetic rate but only in response to T. melanosporum inoculation and thus do not 
explain uniform increases in gas exchange of all fungal treatments. These findings 
cannot rule out source-sink relationships for increasing photosynthetic rate. It would 
have been interesting to have measured hormone levels in the translocation stream to 
see if there was any relationship to C fixation and ECM infection. 
 
Interestingly, mycorrhizal colonisation in this experiment did not change either IWUE 
or GEE suggesting the increased photosynthetic rate is no more efficient than in non-
mycorrhizal plants. Greater availability of soil water to inoculated plants presumably 
allows for increased stomatal conductance that drives evapotranspiration rate and is a 
pattern similar to that reported by Nardini et al. (2000). The experiment did not evaluate 
water availability to the host plant but clearly colonisation by ECM fungi does not 
improve the relative efficiency of photosynthesis. This efficiency needs to take into 
consideration the comparative level of mycorrhizal infection. In this experiment it was 
evident that colonisation by T. melanosporum placed a substantial demand on the host   120
for photosynthate considering the comparatively low level of infection and the rate of 
photosynthesis. By comparison, greater C use efficiency was observed in Scleroderma 
and Hebeloma treatments where higher infection levels occurred with similar rates of 
photosynthesis to that of T. melanosporum. Further experiments are required to 
determine if, indeed, there is greater demand for photoassimilate by T. melanosporum 
than other non-target ECM. There would be consequences for management of truffières 
to maximise photoassimilate production to sustain efficient functioning and 
development of ECM structures in commercially important species. 
 
In summary, it can be concluded that application of lime is an effective means of 
reducing host root infection levels of the non-target ECM fungi where they exist in 
commercial truffières in south-west Australia. Lime application did not increase T. 
melanosporum infection levels in this experiment. However, infection by T. 
melanosporum on host plant roots will be favoured if these competitors are reduced by 
applied lime. Further pot experiments involving multiple inoculations of plants and the 
response to applied lime are necessary to confirm this. Management of plant nutrient 
status is necessary in limed soils to ensure adequate levels are available for uptake in 
treated soils. Storage forms of NC in host plant fine roots were favoured in soil treated 
with lime although the implications of this have not been explored with respect to ECM 
fungi. The increased photosynthetic rates observed were the result of mycorrhizal 
infection although it did not equate to increased plant C uptake efficiency as measured 
in this experiment (IWUE and IGEE). The capacity of these fungi to acidify the soil 
could have consequences for soils that are ineffectively buffered through inadequate 
application of lime to commercial truffières. There remains a need to confirm, in the 
field, some of the findings of this pot experiment especially given the extent of similar 
soil types (“Dy”; Chapter 2) suitable for trufficulture in south-western Australia. 
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Chapter 5 
The effect of P and N fertiliser application on plant growth, 
translocation streams, mycorrhizal infection and fine root NC levels 
 
5.1 Introduction 
 
There is a developing knowledge of the carbon fluxes below ground to mycorrhizal 
fungi but there is a significant shortfall in knowledge of carbon demand for fungal 
processes including fructification. Whilst a reduction in fruit body production is 
observed with reduced photoassimilate flow to the below ground soil compartment, it is 
not known if there is a disproportionate allocation of carbon to fructification processes 
in mycorrhizal fungi. There are certainly edaphic factors that influence fructification in 
fungal groups (Agerer et al. 1998; Callot and Jaillard 1996; Delmas 1978; Hall et al. 
1998a; Hall et al. 1998b; Lulli et al. 1999) but it is not known if these mechanisms are 
independent of the host plant in mycorrhizal fungi particularly with regard to carbon 
supply in these groups. 
 
One factor that is likely to alter the amount of C allocated to mycorrhizal fungi is 
nutrient supply. A review by Wallander (1995) discussed an apparent shift in carbon 
allocation within ECM hyphae from biomass accumulation to N-assimilation as a result 
of increased supply of ammonium-N. Similarly, increased P and K supply resulted in a 
reduction in root colonisation and hyphal biomass, albeit to a lesser extent than N 
addition. A study of severe P deficiency indicated a significant increase in mycorrhizal 
development corresponding to a 30% increase in plant carbohydrate pools potentially 
increasing C allocation to roots and associated ECM (Wallander 1995). Wallander 
(1995) further suggested that the mycosymbiont has the capacity to redirect available C 
to various sinks including the assimilation of N to glutamine when N is abundant and to 
trehalose when soil N is limited.  
 
Wallander (1995) also highlighted the interaction of P supply and N demand of the host 
where low supply of P reduces plant shoot growth and subsequently reduces the demand   122
for N and the result is the accumulation of carbohydrate. This accumulated pool of 
carbohydrate is redirected to hyphal growth and the production of sporocarps, 
implicating the role of the host in modifying carbon allocation patterns according to N 
supply. This hypothesis was further examined in a microcosm experiment by Bidartonto 
et al. (2001) where the addition of ammonium-N and apatite (rock phosphate) was 
examined in terms of mycorrhizal sink strength measured in units of respiration and 
mycelial biomass (ergosterol content). Pinus muricata seedlings were inoculated with 
Paxillus involutus or four suilloid fungal isolates, chosen for their variability in 
sporocarp production and ecological specialisation. Each isolate differed in their 
response (mycelial biomass, growth rate, respiration and mycorrhizal biomass) to 
nutrient addition thereby altering carbon sink strength of ECM. Ammonium addition 
generally increased respiration at the expense of biomass production supporting the 
original hypothesis of Wallander (1995). The relative efficiency of isolates varied with 
P. involutus showing greater biomass production with greater transfer efficiency of 
assimilated N per mycorrhizal connection. Response to apatite treatment was a general 
increase in mycelial biomass across all fungal treatments.  
 
These findings are significant when evaluating fertiliser application to promote mycelial 
development (and fructification as a result) as opposed to N-assimilation for purposes of 
plant nutrition. A careful balance between P availability and N supply is therefore 
considered important for optimal growth and development of the host plant, ECM and 
mycelium in a commercial truffière. There is an obvious need to extend this notion 
beyond microcosm experiments and examine the response in field trials. The 
competitive interaction between fungal species may also see variation in these derived 
assumptions, particularly in the field. 
 
Fertiliser application is not often recommended in commercial truffières in France and 
elsewhere in Europe as varied results have been observed (G. Chevalier pers. comm.). 
Furthermore, the composition of fertilisers that have been used in France, for example, 
is often not available with the exception to acknowledge their organic or inorganic 
status. Four products that have been examined experimentally include Fructitruf (1150 
kg ha
-1, 6 % organic N, rich in K & Mg), Phaligal (530 kg ha
-1, organic, composition 
unknown), Vegethumus (530 kg ha
-1, composted sheep manure) and Lombrisol (530 kg 
ha
-1, worm castings/compost) (Verlhac et al. 1989). The application of these products to   123
a producing truffière (established in 1972) was examined over four seasons and results 
were variable. In each case, fertiliser application reduced the number and weight of 
truffles from producing trees. This was most notable in those trees that were treated 
with Fructitruf. The number of producing trees increased slightly when treated with 
Vegethumus and Lombrisol but this may have been an artefact of truffière age as all 
treatments (including the unfertilised control) showed an increase in the number of 
producing trees over the experimental period (Verlhac et al. 1989). Ongoing results of 
this and other similar experiments are not documented and similarly, experiments 
utilizing inorganic fertilisers are lacking in the literature. In New Zealand and Tasmania, 
the effect of fertiliser application has not been published in any form with the exception 
of a glasshouse trial by Brown (1998). This study found the levels of infection of T. 
melanosporum were maintained at applied P rates as high as 150 mg kg
-1 soil (~250 kg 
P ha
-1) and the point was argued that P application could be used to limit the 
development of native Australian ECM fungi given their low tolerance to elevated soil 
P. The P-fixing ability of the soil used in the experiment (a grey sandy loam) was not 
reported. There was no determination of the impact of applied P on ascocarp production 
of T. melanosporum in the field. 
 
Fertiliser management at the Hazel Hill study site in WA is an important consideration 
particularly as an aid to encouraging maximum mycorrhizal colonisation with the 
intention to increase ascocarp production. The experiment detailed in this chapter 
examined the effects of applying different forms of P and N inorganic fertiliser to trees 
in the field. Specifically the following hypotheses were examined: (1) apatite or rock 
phosphate increases mycorrhizal colonisation by T. melanosporum whereas soluble P 
forms decrease mycorrhizal infection, (2) NH4-N increases mycorrhizal colonisation of 
hazel by T. melanosporum, whereas, NO3-N reduces mycorrhizal infection by T. 
melanosporum, (3) application of apatite increases fine root biomass, and NC 
concentrations of fine roots, (4) N-fertilisation increases fine root biomass and (5) N 
fertilisation, regardless of form, increases gas exchange efficiency in hazel. 
 
5.2  Materials and methods 
A fertiliser trial was established at the Hazel Hill site prior to budburst (September) in 
2002. The experimental design was a split plot design replicated at three randomly   124
selected points across the site. There were four P treatments (nil, 34 kg apatite-P, 68 kg 
apatite-P and 68 kg soluble-P ha
-1 yr
-1) and three N treatments (nil, 100 kg NO3
--N and 
100 kg NH4
+-N ha
-1 yr
-1). Apatite (rock phosphate: CSBP, Kwinana) had a maximum 
aggregate size of 4 mm and was applied in a single application prior to light tillage to 
within 10 cm of main stem to ensure its incorporation into the soil profile (0~10 cm 
depth). Soluble-P was applied as a single application at the same time apatite-P 
treatments were applied. Soluble-P was applied as triple super phosphate (TSP) (CSBP, 
Kwinana), NO3-N was applied as calcium nitrate (Cambells Fertilisers, Australia) and 
NH4-N was applied as ammonium sulphate (Mirco Bros.). A split application of equal 
proportion of N treatments (50 kg ha
-1) took place in September and February of the 
2002/03 and 2003/04 seasons. Fertiliser was applied with a hand spreader to soil up to 
1.5 m either side of the tree line, targeting the grass/weed free root zone of the host 
plant. Nitrogen treatments overlaid P treatments at each sample plot as indicated in 
Figure 5.1a-c. Each P-treatment within each plot consisted of 60 replicate trees and each 
N treatment within P treatments consisted of 20 trees. Each plot and subplot was 
surrounded by buffer trees and was excluded from fertiliser treatments applied to the 
remainder of the truffière. 
 
Figure 5.1: Random layout of; (a) P-treatments, (b) N-treatments overlaying P-
treatment and (c) plots at the Hazel Hill site. Trees (circles) coloured light brown 
provided a buffer from other cultural practices at the site. 
(a)  (b)  (c) 
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5.2.1 Plant  growth 
Stem diameter at 15 cm above the ground was measured using a diameter tape and 10 
randomly selected trees within the combined N and P treatment plots were measured. 
Measurements were taken at establishment of the experiment and again at leaf 
abscission in 2004 to determine periodic annual increment (PAI). Other growth 
parameters measured at initiation of the experiment were abandoned due to the cultural 
practices (pruning) carried out prior to budburst of the 2003/04 season. Phloem sap 
collections were taken during November, February, March and April of the 2003/04 
growing season, between the hours of 1000 and 1500 hours. Xylem sap sampling was 
conducted on a regular basis throughout the growing season (Sep to Nov of 2003; Feb, 
Mar and Jun of 2004). Xylem sap was extracted repeatedly from the same individual 
tree within each plot using the technique described in Chapter 3. 
 
5.2.2 Ingrowth  cores 
Ingrowth cores were constructed from gutterguard
® (10 mm mesh, 80 mm diam. x 200 
mm height). Ingrowth root cores were installed to determine root growth and 
mycorrhizal response to fertiliser treatments. Biomass, mycorrhizal infection and 
carbohydrate concentrations of harvested roots from ingrowth cores were determined. 
Cores were placed 50 cm from the plant stem and orientated at 340, 0 and 20° from the 
northern alignment of tree rows (Figure 5.2a). Three cores were placed beneath a single 
randomly selected individual in each N x P treatment plot. The soil removed when 
installing the cores was sieved to ≤ 5 mm and used as the growth medium of the 
ingrowth cores. A single core from each individual was harvested in May 2003, 
September 2003 and March 2004. These extracted cores were dry sieved to 2 mm on 
site and later wet sieved to remove all soil particles. Wet biomass of root material was 
determined and a random 10% sub-sample was removed and placed in 70% v/v ethanol 
for later mycorrhizal assessment as described in Chapter 3.  
 
5.2.3 Gas  exchange 
Leaf gas exchange measurements were carried out during February 2004 between 100 
and 1400 hrs. Measurements were carried out as similarly described in Chapter 3. Trees 
were selected randomly within each plot and YFEL leaves in the full-sun canopy 
position were selected for measurement. Soil respiration was measured regularly   126
between October and April of the 2003/04 season. Prior to measurements being made, 
polyvinyl chloride (PVC) rings were installed in the soil beneath three randomly 
selected trees within each N x P treatment plot and acted as repeated sampling points for 
respiration measurements (Figure 5.2b). Measurements were made using a purpose built 
respiration chamber connected to an IRGA (CIRAS-2, PPSystems, UK) and utilised the 
“closed system chamber” controlling software accompanying the system. Chamber 
design allowed for sufficient mixing of gas that was facilitated by an internal fan. 
 
5.2.4 Sporocarp  collection 
Sporocarps of Hebeloma sp., Scleroderma sp. and Astraeus sp. were collected on the 6
th 
June of 2004 from beneath 3 individual trees, selected at random, of each treatment plot. 
The area sampled was a 6 m
2 circular plot beneath each tree. Two weeks prior to 
collection of sporocarps the area beneath sample trees was cleared of any emerging and 
existing sporocarps to avoid any bias by collection of existing sporocarps. The timing of 
the sampling coincided with periods known, by seasonal observation, to produce a flush 
of sporocarps. 
 
5.2.5  Phloem sap analysis 
Phloem sap was assayed for sugar composition and concentration using gas 
chromatography with flame ionisation detection (GC-FID). Sap was serially diluted 
1:2500 from which a sample of 1000 µl was evaporated to dryness under a stream of 
dry air overnight. Sugars were redissolved in 150µl HPLC grade pyridine (Aldrich 
27,040-7) and 150µl of the derivitising agent bis(trimethylsilyl)trifluoroacetamide 
Figure 5.2: (a) Placement of ingrowth root cores and (b) IRGA measurements of soil 
respiration Rs. 
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(BSTFA) containing 1% trimethylchlorosilane (TCMS) (Sigma chemicals T-6381) and 
samples were vortexed at each step. Samples were then incubated at 60°C for 30 
minutes. Sample profiles were compared to a standard mix of sorbitol, mannitol, 
inositol, trehalose, fructose, glucose and sucrose and all samples and standards were run 
in duplicate. Gas chromatographic (GC) analysis was carried out using a Varian 3800 
GC fitted with a Varian CP 8200 auto-sampler, a split/split-less injector and a flame 
ionisation detector (FID).  Helium was used as the carrier gas with a head pressure of 16 
psi.  The components were separated on a 30 m x 0.25 mm column with a 0.25 µm film 
of DB5 stationary phase (Econo-Cap Alltech, Australia). The injector temperature was 
set at 250 
oC and operated in the split-less mode. The column was maintained  at  60 
oC 
for 2 minutes, then  ramped  to  150 
oC  at  20 
oC min
-1, and further ramped to 300 
oC  at 
4 
oC min
-1. As with the HPLC method described in Chapter 3, sucrose was the dominant 
sugar found. Any trace amounts of other sugars present in phloem sap were 
undetectable at the dilution necessary for quantification of sucrose using the GC-FID 
technique. Analysis of δ
13C of phloem sap was carried out as described in Chapter 3. 
 
5.2.6 Foliar  analysis 
Foliar analysis of YFEL’s used for gas exchange measurements was conducted as 
described in Chapter 4.  
 
5.2.7 Statistical  analysis 
Analysis of results relied on GLM and Repeated Measures ANOVA procedures where 
appropriate, as described in Chapter 3, and data underwent transformation where 
necessary prior to analysis. 
5.3 Results 
5.3.1 Plant  growth 
Stem diameter was the only growth parameter measured during the trial, with the 
exception of root biomass, given the cultural practices (pruning) carried out at the site 
prior to the 03-04 growing season. There was no significant effect of fertiliser 
treatments or the interaction of treatments on periodic annual increment (PAI) for the 
sampled period (P>0.05). Table 5.1 shows the PAI across fertiliser treatments for the 
duration of the experiment. The lowest PAI was recorded from the Control-N/Control-P   128
sites (29.4 mm yr
-1) with the highest recorded at the High apatite-P/Control N sites 
(37.0 mm yr
-1).  
 
5.3.2 Translocated solutes 
Mean monthly sucrose concentrations of phloem sap ranged from the lowest 
concentrations in November 2003 (340.7 mM) to 450.7 mΜ during April 2004 (Figure 
5.3a). Phloem sap sucrose concentrations responded significantly to Time and P-
treatment as well as the interaction of other treatments as indicated in Table 5.2. Total 
amino acids and δ
13C of phloem sap responded only to the effect of Time. A 
progressively negative mean δ
13C value was observed from the November (-23.8 ‰) 
sampling date to April (-26.8 ‰) (Figure 5.3a) of the following year and is contrary to 
the pattern observed in Chapter 3. Mean monthly concentrations of phloem sap amino 
acids increased across the sampling period from 18.7 mM in November 2003 to 39.4 
mM in April 2004 (Figure 5.3b). Xylem sap total amino acids responded only to the 
effect of Time with greatest mean monthly concentrations occurring during budburst 
(September, 5.5 mM) and decreasing to 0.5 mM by November (Table 5.3, Figure 5.3b). 
Amino acid concentrations of xylem sap increased during March (1.5 mM) one month 
after fertiliser application and coinciding with fruit maturation and senescence. 
 
Table 5.4 shows phloem sap sucrose concentrations and the response to N & P fertiliser 
application. Sucrose concentrations were 4.3% higher in trees treated with a high rate of 
apatite-P compared to control trees. There was no significant response of sucrose 
concentrations to N-treatment alone although the significant interaction of Time x N-
treatment and Time x N-treatment x P-treatment are illustrated in Table 5.5 and Figure 
5.4, respectively. In both scenarios the sucrose concentration in NH4-N treated plots was 
higher late in the season (April, 507.0 mM, Table 5.5) and is particularly obvious on 
high apatite-P treated plots (April, 604.5 mM, Figure 5.4). The lack of significance of 
δ
13C for phloem sap C indicates that the observed sucrose concentrations in response to 
treatments are not an artefact of changes in plant water balance (stress) and is supported 
by the weak negative relationship (Pearson’s correlation = -0.409, P<0.001) between 
δ
13C and phloem sap sucrose concentrations. A positive correlation was observed in 
Chapter 3 between sap sucrose and δ
13C, contrary to that observed here. 
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Table 5.1: Periodic annual increment (PAI) in stem diameter for the duration of the 
experiment. 
PAI (mm yr
-1)   treatment  N treatment 
Mean SE 
Control-P   Control-N   29.35 ±  2.9 
  NO3 -N   31.40 ±  3.0 
  NH4 -N   36.43 ±  3.8 
  Total  32.41 ±  1.9 
Low apatite -P   Control-N   36.60 ±  2.8 
  NO3 -N   36.45 ±  3.2 
  NH4 -N   33.43 ±  2.9 
  Total  35.49 ±  1.7 
High apatite -P  Control-N   36.96 ±  3.2 
  NO3 -N   33.27 ±  3.2 
  NH4 -N   37.15 ±  4.5 
  Total  35.69 ±  2.0 
High soluble -P  Control-N   36.64 ±  1.9 
  NO3 -N   31.40 ±  3.5 
  NH4 -N   36.84 ±  3.8 
  Total  35.25 ±  1.8 
Total  Control-N   34.89 ±  1.4 
  NO3 -N   33.26 ±  1.6 
  NH4 -N   35.89 ±  1.8 
  Total  34.69 ±  0.9 
 
Table 5.2: Result of GLM ANOVA (P-value) of phloem sap over Time and in response 
to fertiliser treatments. 
  Amino acids  Sucrose   δ
13C  
Time  <0.001 <0.001  <0.001 
P-treatment  0.384  0.031  0.847 
N-treatment  0.293 0.050  0.893 
Time x P-treatment  1.000 0.610  0.936 
Time x N-treatment  0.997  0.002  0.989 
P-treatment x N-treatment  0.835 0.058  0.983 
Time x P-treatment x N-treatment 1.000  0.008  1.000 
 
 
Table 5.3: Result of repeated measures ANOVA of xylem sap amino acids. 
 d.f.  F  P  E Corrected  P
Time  5 52.73  <0.001  0.378  <0.001 
Time x P-treatment  5, 15  1.58  0.090  0.378  0.179 
Time x N-treatment  5, 10  1.00  0.447  0.378  0.415 
Time x P-treatment x N-treatment  5, 15, 30 0.67  0.895  0.378  0.760   130
 
 
 
Table 5.4: Comparison of mean phloem sap sucrose concentrations (mM) within P and 
N fertiliser treatments. LSD multiple range test result is indicated where the same letter 
indicates no significant difference between treatments (P≥0.05). 
  n  Mean ± SE   
P treatment         
Control (0 kg P ha
-1)  36  395.0  ± 11.2 a 
Low apatite -P (34kg P ha
-1) 36  404.1  ±  9.7  ab 
High apatite -P (68kg P ha
-1) 36  412.9  ±  9.7  b 
High soluble -P (68kg P ha
-1)  36  394.5  ± 10.7 a 
N-treatment        
Control (0 kg N ha
-1) 48  399.5  ± 8.7 
NO3-N (50 kg N ha
-1) 48  397.5  ± 7.7 
NH4-N (50 kg N ha
-1) 48  408.0  ± 10.5 
 
ns 
 
 
 
 
Figure 5.3: (a) Phloem sap sucrose concentrations and δ
13C and (b) amino acid 
concentrations of both phloem and xylem sap. Same letter indicates no significant 
difference (P≥0.05) according to LSD multiple range test. Dotted arrow indicates 
timing of P and 1
st N application and solid arrow indicates timing of 2
nd N application.
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Table 5.5: Seasonal variation in phloem sap sucrose concentrations (mM) in response 
to N-treatment. Letters indicate result of LSD multiple range test where the same letter 
indicates no significant difference between treatments (P≥0.05) and n.s. = not 
significant. 
  N-treatment  n  Mean ± SE   
Control   12  338.0 ± 5.0
NO3 -N   12  347.6 ± 7.7
November 03 
  
   NH4 -N   12  336.5 ± 6.0
ns 
Control   12  388.7 ± 5.7
NO3 -N   12  399.7 ± 9.0
February 04 
  
   NH4 -N   12  387.0 ± 6.7
ns 
Control   12  424.1 ± 18.5 
NO3 -N   12  426.2 ± 14.2 
March 04 
  
   NH4 -N   12  434.6 ± 16.0 
ns 
Control   12  447.3 ± 18.0  a 
NO3 -N   12  416.7 ± 19.5  a  P=0.011 
April 04 
  
   NH4 -N   12  507.0 ± 16.7  b 
 
 
5.3.3  Root ingrowth cores 
Fine root material extracted from ingrowth cores did not vary significantly between 
sampling periods indicating there was no change in root production following the first 
harvest of ingrowth cores (Table 5.6). Root biomass of harvested cores ranged between 
0.05 and 3.66 g L soil
-1 with an average of 1.02 ± 0.08 SE g L soil
-1. Root biomass 
responded positively to the application of apatite-P where both low and high apatite-P 
treatments increased total fine root biomass by an average of 66.2 % compared to the 
control-P. On average, the apatite-P treatments had 43.0 % greater root biomass than 
soluble-P treatments although statistically this was not significant (Table 5.7). The 
significant interaction between P and N treatments was due to a significant difference 
between N treatments within the control-P treatment (P=0.002, Figure 5.5). Fine root 
biomass of NO3-N treated plants was 0.964 and 0.774 g L soil
-1 higher compared to 
control-N and NH4-N treatments, respectively. Non-structural carbohydrate (NC) 
concentration of fine roots harvested from ingrowth root cores responded only to the 
effect of Time and was consistent across all NC forms (Table 5.6). All forms of NC 
decreased significantly from May 2003 (Table 5.8) as would be anticipated prior to 
budburst. NC concentrations were within the range observed in earlier chapters and in 
the literature. 
   132
 
 
 
 
Table 5.6: Result of GLM-ANOVA of fine root biomass and non-structural 
carbohydrate (NC) concentrations in response to effect of Time and fertiliser treatments. 
  Fine root NC 
 
Fine root 
biomass Soluble Insoluble  Total 
Time 0.122  <0.001 <0.001  <0.001 
P-treatment  0.020  0.403 0.847  0.891 
N-treatment 0.249  0.653  0.688  0.638 
Time x P-treatment  0.559  0.407  0.501  0.475 
Time x N-treatment  0.053  0.519  0.670  0.715 
P-treatment x N-treatment  0.010  0.850 0.706  0.577 
Time x P-treatment x N-treatment  0.888  0.775  0.876  0.797 
 
 
 
 
 
 
Table 5.7: Response of fine root biomass to P-treatment. Letters indicate result of LSD 
multiple range test where same the letter indicates no significant difference between 
treatments (P≥0.05). 
 
P treatment  n  Mean ± SE   
Control 24  0.74  ± 0.13 a 
Low apatite-P  26  1.27 ± 0.22 b 
High apatite-P 27  1.19 ± 0.13 b 
High soluble-P 27  0.86 ± 0.11 ab
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Table 5.8: Fine root NC concentrations (mg g
-1 DW) from harvested ingrowth cores. 
Same letter indicates no significant difference (P≥0.05) between sampled months 
according to LSD multiple range test. 
    n  Mean ± SE   
May 2003  36  22.02 ± 1.78  a 
September 2003 36  14.75 ± 1.09  b 
Soluble NC's 
March 2004  32  13.34 ± 1.35  b 
May 2003  36  49.09 ± 3.33  a 
September 2003 36  28.21 ± 2.13  b 
Insoluble NC's
March 2004  32  34.39 ± 2.24  b 
May 2003  36  71.11 ± 4.94  a 
September 2003 36  42.86 ± 3.07  b 
Total NC's 
March 2004  32  47.73 ± 2.84  b 
 
Fine root material harvested from ingrowth root cores was examined for mycorrhizal 
infection and T. melanosporum was observed to be the most common ECM morphotype 
present (Figure 5.7). An unknown morphotype appeared in only 4 of the 106 samples 
and did not appear related to any particular factor or individual plot or tree. The rate of 
mycorrhizal infection did not vary significantly in response to Time of core harvesting 
and there was no significant interaction of Time with other effects (Table 5.9). Overall 
infection ranged between 0 and 57.3 % of total root length with a mean of 6.98 ± 0.57 
SE % irrespective of fungal species. There was a significant difference between fungal 
Figure 5.5: Fine root DW harvested from ingrowth root cores in response to the 
significant interaction of N- and P-treatment. Letters indicate result of LSD multiple 
range test where the same letter indicates no significant difference (P≥0.05) between 
N-treatment. n.s. = no significant difference (P≥0.05). 
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species (Table 5.10). Mean infection rates of T. melanosporum were 15.5 % higher than 
the other ECM fungi present. There was a significant interaction between Fungus and P-
treatment (Figure 5.7). P-treatment did not impact on infection rates of either 
Scleroderma sp. or Hebeloma sp. although infection of Hebeloma sp. did increase 
slightly in response to high apatite-P. In contrast, T. melanosporum infection decreased 
significantly in response to the high rate of apatite-P. Infection rates of T. 
melanosporum were 9.5 % lower than on roots of hazel from control-P plots. 
 
Table 5.9: Result of GLM-ANOVA of rates of mycorrhizal infection. 
Mycorrhizal infection  P-value 
Time 0.391 
Fungus  <0.001 
P-treatment 0.467 
N-treatment 0.431 
Month x Fungus  0.276 
Time x P-treatment  0.994 
Fungus x P-treatment  0.024 
Time x Fungus x P-treatment  0.975 
Time x N-treatment  0.863 
Fungus x N-treatment  0.391 
Time x Fungus x N-treatment  0.529 
P-treatment x N-treatment  0.936 
Time x P-treatment x N-treatment  0.997 
Fungus x P-treatment x N-treatment  0.210 
Time x Fungus x P-treatment x N-treatment  0.997 
 
 
Table 5.10: Infection rates of identified ECM. Same letter indicates no significant 
difference for result of LSD multiple range test (P≥0.05). 
 
Fungal morphotype  n  Minimum  Maximum  Mean ± SE   
Scleroderma sp.  106  0  56.52  4.31 ± 0.76 a
Hebeloma sp.  106  0  40.98  3.19 ± 0.73 a
Tuber melanosporum  106 0  57.27  20.08  ± 1.37 b
Unknown 106  0  16.83  0.34  ± 0.19 c
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Figure 5.6: ECM morphotypes observed in ingrowth cores; (a-b) Hebeloma sp., (c-d) 
Scleroderma sp., (e-f) T. melanosporum and (g-h) unknown.   136
 
 
 
5.3.4 Gas  exchange 
Leaf gas exchange measurements were carried out on the 28th February, 2004 on 
YFEL’s that were later used for foliar nutrient analysis. The mean PAR reading during 
the sampling period (1100-1400) was 2292 ± 58.6 (SE) µmol m
-2 s
-1, while mean 
temperature, humidity and VPD were 23.2 °C, 53.9 % and 13.13 mPa, respectively. Soil 
moisture prior to and during measurements ranged between 27 and 33 % (w/v) at 10 and 
30 cm depth, respectively. As indicated in Table 5.11, IWUE responded to P-treatment 
while N-treatment impacted significantly (P<0.05) on E, gs and A. IWUE decreased by 
an average of 13.0 % (data not shown) on plots treated with higher rates of applied P 
(irrespective of form) compared to both control and low apatite-P treatments (P≤0.05). 
N-treatment impacted on E and gs with NO3-N treated plants having significantly lower 
levels of E and gs. Patterns of net assimilation rate (A) were similar with NH4-N treated 
plants having rates significantly greater than NO3-N treated plants although they were 
not different from the control treatments (Table 5.12).  
 
Figure 5.7: Response of mycorrhizal infection (% root length (R.L.) infected) to 
applied P treatments. Letters indicate result of LSD multiple range test where same 
letter indicates no significant difference between treatments (P≥0.05). n.s. = no 
significant difference (P≥0.05).
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Table 5.11: GLM-ANOVA of gas exchange parameters for a single measurement day 
during February 2004.  
  E  gs  A Ci  GEE IWUE 
P-treatment  0.625 0.383 0.246 0.247 0.301 0.002 
N-treatment  0.016 0.019 0.005 0.247 0.403 0.282 
P-treatment  x  N-treatment  0.210 0.264 0.481 0.433 0.320 0.273 
 
Table 5.12: Mean ± SE values of E, gs and A in response to N-treatment. Same letter 
indicates no significant difference (P≥0.05) between N-treatments according to LSD 
multiple range test. 
  E  gs  A 
Control-N  3.64 ± 0.11 a  178.4 ± 7.2 a  9.06 ±  0.37 ab 
NO3-N  3.33 ± 0.15 b  155.8 ± 9.0 b  8.15 ±  0.42 a 
NH4-N  3.80 ± 0.11 a  187.0 ± 8.9 a  10.08 ±  0.38 b 
 
Soil respiration (Rs) measured at each plot across the course of the 2003-04 season 
ranged from 2.76 and 5.78 µmol m
-2 s
-1 across all treatments and were within the range 
observed in other Mediterranean sites (Casals et al. 2000; Mendham et al. 2002). 
Analysis of within subject effects using repeated measures ANOVA indicates Rs 
responded only to the effect of Time with no interaction of Time and fertiliser 
treatments (Table 5.13, Figure 5.8). Simultaneous analysis of between subject effects 
indicated a difference in Rs between treatments of both P and N but no significant 
interaction between P and N treatments (Table 5.14, Figure 5.8). An 83 % increase in Rs 
was observed from October 2003 to the warmer summer month of February 2004, 
indicating substantial seasonal variation in Rs (Figure 5.8a). Variation in Rs in response 
to P-treatment occurred with lower rates (7.2 % < high soluble-P) of Rs on low apatite-P 
sites. Rs on plots treated with N fertiliser were, on average, 15.1 % higher than for trees 
on control-N plots (Figure 5.8c).  
 
Table 5.13: Repeated measures ANOVA of soil respiration (Rs) in response to Time 
and fertiliser treatment. 
 d.f. F P  ε  Corrected P 
Time 5,3  34.08  <0.001  0.602  <0.001 
Time x P-treatment  5,9  0.753  0.659  0.602  0.599 
Time x N-treatment  5,6  0.022  1.000  0.602  0.998 
Time x P-treatment x N-
treatment 
5,18 1.027  0.444  0.602  0.442   138
Table 5.14: Analysis of soil respiration rate (Rs) in response to fertiliser treatment. 
  P-value
P-treatment  0.006 
N-treatment  0.025 
P-treatment x N-treatment 0.079 
 
 
 
Figure 5.8: Response of soil respiration to the effects of (a) Time, (b) P-treatment 
and (c) N-treatment. Same letter indicates no significant difference (P≥0.05) 
between month/treatment according to LSD multiple range test. 
0
2
4
6
8
Aug-03
Sep-03
Oct-03
Nov-03
Dec-03
Jan-04
Feb-04
Mar-04
Apr-04
May-04
Jun-04
Jul-04
Aug-04
0
1
2
3
4
5
6
Control Low apatite-P High apatite-P High soluble-P
0
1
2
3
4
5
6
Control Nitrate-N Ammonium-N
a
b b
c
a
b
a ab
a 
b b
S
o
i
l
 
r
e
s
p
i
r
a
t
i
o
n
 
( µ
m
o
l
 
m
-
2
 
s
-
1
)
 
(a) 
(b) 
(c)   139
5.3.5 Sporocarp  collection 
The collection of sporocarps from beneath sample trees within plots yielded a mean 
total of 18 ± 3 sporocarps per tree. Hebeloma sp. (Figure 5.9a) was the most prevalent 
with 16.63 ± 2.57 sporocarps per tree. Scleroderma sp. and Astraeus sp. (Figure 5.9b & 
c, respectively) were infrequent beneath trees and averaged only 1.06 ± 0.29 and 0.45 ± 
0.15 sporocarps per tree, respectively. Total biomass of all sporocarps collected was 
4.21 ± 0.62 g DW per tree: Hebeloma sp. 3.16 ± 0.46 g DW tree
-1, and Scleroderma sp. 
and Astraeus sp. had a combined biomass of less than 1 g DW tree
-1. Analysis indicated 
the number of sporocarps of each fungal species did not respond to any fertiliser 
treatment including the interaction between treatments (P≥0.05). Analysis of fungal 
biomass showed that Hebeloma sp. responded to P-treatment (P=0.031). Biomass of 
Hebeloma sp. increased by 350 % in trees treated with low apatite-P compared to the 
control, whereas the remaining high-P treatments were not significantly greater than 
control-P treatment (Table 5.15).  
 
Figure 5.9: Examples of collected sporocarps of (a) Hebeloma sp., (b) Scleroderma sp. 
and (c) Astraeus sp (photo: R. Sanmee). 
(a) 
10 mm 
(b) 
20 mm
30 mm 
(c)   140
Table 5.15: Dry weight biomass (g) of sporocarps collected from sample trees in 
response to P-treatment. Values are mean ± SE where same letter indicates no 
significant difference (P≥0.05) between P-treatments according to LSD multiple range 
test. 
Hebeloma sp.  Scleroderma sp.  Astraeus sp. 
Control  1.54 ± 0.45 a  0.06 ± 0.06  0.97 ±  0.53 
Low apatite-P   5.38 ± 1.35 b  0.50 ± 0.28 n.s.  1.17 ±  0.92 n.s. 
High apatite-P   2.52 ± 0.69 ab  0.23 ± 0.13  0.12 ±  0.08 
High soluble-P  3.20 ± 0.87 ab  0.52 ± 0.42  0.39 ±  0.39 
 
 
5.3.6  Foliar nutrient concentrations 
Table 5.16 presents results of ANOVA analysis of nutrient concentrations of leaves 
removed following gas exchange measurements. Application of N, irrespective of form, 
increased foliar N concentration at the end of February 2004 by 14.4 % compared to the 
control (Table 5.17). Despite the increase, foliar N levels remained below normal values 
according to the criteria of Olsen (2001) at 2.05 % DW for N-treated plants. Application 
of apatite-P increased foliar S concentrations from 1.33 ± 0.02 mg g
-1 to 1.50 ± 0.02 mg 
g
-1 at the highest rate of apatite-P.  
 
 
Table 5.16: GLM-ANOVA of foliar nutrients in response to fertiliser treatment. 
  P-treatment N-treatment  P-treatment x N-treatment 
Nitrogen 0.132  0.045  0.267 
Phosphorus 0.299  0.833  0.979 
Potassium 0.575  0.942  0.556 
Sulfur  0.015  0.185 0.468 
Calcium 0.948  0.818 0.600 
Magnesium 0.931  0.892  0.994 
Iron 0.613  0.403  0.323 
Zinc 0.392  0.726  0.422 
Manganese 0.845  0.981  0.997 
Copper 0.918  0.665  0.998 
Boron 0.414  0.816  0.814 
 
 
 
   141
 
Table 5.17: Foliar nutrient concentrations of combined treatment samples taken from 
fertiliser plots in February 2004. 
  n  Mean ± SE  Minimum  Maximum 
Nitrogen (%)  35  1.98 ± 0.05  1.53 2.38 
Phosphorus (mg g
-1) 35  1.27 ± 0.02  0.90 1.77 
Potassium (mg g
-1) 35 9.33 ± 0.12  6.78 10.76 
Sulfur (mg g
-1) 35  1.42 ± 0.02  1.13 1.65 
Calcium (mg g
-1) 35  7.97 ± 0.13  7.45 15.47 
Magnesium (mg g
-1) 35  1.63 ± 0.04  1.36 2.89 
Iron (µg g
-1)  35  89.04 ± 2.48  73.2 170.6 
Zinc (µg g
-1)  35  13.53 ± 0.39  7.9  23.0 
Manganese (µg g
-1)  35  31.12 ± 2.31  12.4 99.4 
Copper (µg g
-1)  35  4.50 ± 0.15  1.6  7.2 
Boron (µg g
-1)  35  38.68 ± 0.55  31.1 64.5 
Interpretation according to Olsen (2001) 
Sufficient        
Insufficient        
Deficient        
 
5.4 Discussion 
The application of apatite-P at high rates reduced infection of T. melanosporum. This 
may have been the result of increased competition from Hebeloma sp. although it is 
difficult to confirm this with any confidence given the lack of statistical significance 
with respect to Hebeloma sp. infection rates. Increased competition by Hebeloma sp. 
may be the result of increased nutrient scavenging ability of the hyphae of species of 
this genus potentially increasing the mobility of insoluble P forms (Lapeyrie et al. 
1990). The greater efficiency of Hebeloma sp. would likely favour its colonisation of 
the plant host over other fungal species that may be less efficient at mobilising insoluble 
P. Low rates of apatite-P had no effect on mycorrhizal colonisation but sporocarp 
biomass of Hebeloma sp. was significantly higher than in the control treatment. 
Interestingly, the application of soluble-P forms did not reduce mycorrhizal colonisation 
which is contrary to findings of some Australian ECM species (Brown 1998; Marschner 
and Dell 1994; Smith and Read 1997). However, consideration should be given to the 
different soil types used in these experiments (less P fixation), as well as the more 
soluble forms of P sometimes used (e.g. KH2PO4). It is likely that the Hebeloma   142
morphotype found in this study was a natural invader and is a common species observed 
on other introduced hardwood tree species (Dunstan 2002). This species may be adapted 
to soils of higher fertility than those found in Australia, and may explain the response of 
this species to fertiliser application. The findings of this study suggest that T. 
melanosporum is relatively tolerant to high rates of soluble-P fertiliser and a similar 
conclusion was reached by Brown (1998). The first hypothesis is not supported as high 
rates of apatite-P decreased colonisation by T. melanosporum and soluble-P forms 
applied at an equally high rate did not decrease infection of T. melanosporum. Further 
experiments should examine the competitive interaction between ECM fungi in 
response to applied P in both soluble and insoluble forms. Glasshouse studies 
examining the role of soil type in influencing these interactions would also be useful.  
 
The highest rate of apatite-P increased phloem sap sucrose concentrations by 4.3 % 
compared to the control-P treatment. There is no precedent in the literature for such a 
response in phloem sap sugar concentrations to the application of insoluble-P, 
particularly in field-grown plants. This treatment reduced T. melanosporum infection 
and it is postulated that a reduction in demand by the mycorrhizal symbiont created an 
internal surplus of carbohydrate in the plant. However, it was expected this would be 
reflected in higher fine root NC concentrations which was not the case. The lack of 
response in measurable root NC may reflect a greater demand by mycorrhizas of 
Hebeloma sp. for the production of organic acids, such as oxalic acids, that are most 
often utilised to mobilise insoluble forms of P (Lapeyrie et al. 1990). This is tentative as 
a net increase in foliar P was not observed. There is a need to further validate the 
response of phloem sap sugar concentrations to applied apatite-P, specifically to 
examine the significance of the increase and where this additional C is utilised.  
 
Root growth responded positively to all elevated P treatments, particularly the apatite-P 
treatments that were, on average, 43 % higher compared to the control-P treatment. The 
increase in phloem sap sucrose concentrations could just as likely be a response to the 
demand of a larger network of fine roots. Any effect of N-treatment on phloem sap 
sucrose concentrations was confined to the control-P treatments where NH4-N increased 
concentrations late in the growing season. The true effect of NH4-N may have been 
masked by P-treatment effects. Further experimentation, in both glasshouse and field 
trials, is necessary to confirm the validity of these findings and to identify reasons for   143
the increase in phloem sap sucrose concentrations and the response to applied N of 
different forms. Isotope tracer techniques can provide a versatile approach in both field 
and controlled glasshouse experiments to answer such questions. 
 
Nitrogen fertiliser treatment did not reduce mycorrhizal infection and, importantly, did 
not alter the level of infection of individual morphotypes. Therefore, there was no shift 
in infection levels across fungal species in response to N fertiliser treatment. This 
indicates the prescribed rate of N application (100 kg N ha
-1) is appropriate to maintain 
adequate host plant growth without adversely impacting on the level of colonisation of 
each species. It should be acknowledged that it is not known what affect repeated N 
application at this rate will have on long term levels of mycorrhizal infection. Further 
work is required to determine the impact of repeated N inputs on mycorrhizal status and 
ultimately truffle production in commercial truffières.  
 
A greater than 14 % increase in foliar N concentrations indicated increased utilisation of 
available soil N by N-treated plants but despite this, foliar N remained insufficient 
according to Olsen (2001). Hall et al. (2002) provides foliar N data of productive 
truffières that are similar to those of the N treated trees of this experiment (2.04 vs 2.05 
% DW, respectively). Non-productive truffières of New Zealand had trees with foliar N 
concentrations that were much higher at 2.35 % DW. This provides support that N 
application, irrespective of form, at the specified rate has no negative impact on ECM 
colonisation by T. melanosporum whilst maintaining adequate concentrations for plant 
growth. For this reason, the second hypothesis cannot be affirmed. In addition, what 
remains unknown is the effect of N fertilisation on fructification in the target species. 
Long term fertiliser trials should be maintained at the site to ensure this effect can be 
determined. 
 
Fertiliser treatments impacted on gas exchange parameters of treated trees. The response 
of A, E and gs to N fertiliser was most profound in trees treated with NH4-N which had 
significantly higher values for E and gs compared to NO3-N and control-N treatments. E 
and  gs were reduced in NO3-N treated compared to control-N plants. Foliar N 
concentrations could not be responsible for the variable response of leaf gas exchange 
parameters but there is certainly evidence that NH4-forms of N would be more effective 
to promote photosynthetic efficiency in the host plant. Soil uptake rates of either form   144
(NO3- and NH4-N) differ, with ammonium often favoured by plants (Lambers et al. 
1998) and mycorrhizal fungi although some ECM are more efficient than others in the 
uptake of different N forms, including organic forms (Smith and Read 1997; Vallorani 
et al. 2002). Future sampling at the site should incorporate methods to evaluate N 
mineralisation rates in the soil and the level of incorporation of inorganic-N into 
organic-N compounds that are more readily taken up by mycorrhizal roots as opposed to 
non-mycorrhizal roots (Chalot and Brun 1998; France and Reid 1983; Vallorani et al. 
2002). In addition, further N treatment trials should be established to determine the 
impact of both inorganic and organic forms of N on plant growth, mycorrhizal 
colonisation and, importantly, fructification. Throughout this chapter it has been 
assumed that the addition of N and P fertilisers were supplying only N and P but in 
reality other nutrients were supplied with the fertiliser forms used. For example, S was 
supplied with NH4-N and Ca with NO3-N, TSP and apatite fertilisers. It is possible that 
these other elements could have affected both plant and fungal responses but could not 
be examined further in this thesis. The composition of fertilisers should be taken into 
consideration in future experimental designs. 
 
Rates of Rs increased in response to N application suggesting N limitation of 
decomposition in these soils (Kuperman 1999; Mansson and Falkengren-Grerup 2003). 
This suggests a greater proportion of autotrophic C was allocated to N acquisition which 
is supported by the increased level of foliar N. This cost-benefit relationship of applied 
N requires further testing in field trials, specifically with respect to mycorrhizal 
functioning. It is not clear from this study whether saprotrophic or mycotrophic fungi 
would be favoured by such N addition rates in these soils. Rs did respond to P treatment 
but this alone could not suggest an increased allocation of C belowground in response to 
apatite-P. This is despite the increase in fine root biomass and phloem sap sucrose 
concentration in response to apatite-P. Estimates of microbial and fungal biomass were 
not carried out as part of this trial. Estimates of fungal biomass by the extraction of 
ergosterol is a common method (Bermingham et al. 1995; Ekblad et al. 1998; Stahl and 
Parkin 1995; Wallander et al. 2001) but can be misleading as hyphal concentrations 
vary between fungal groups and species (Olsson et al. 2003) and discrimination 
between mycorrhizal and saprotrophic fungi is not possible in field situations. 
Nonetheless, discrimination between autotrophic and heterotrophic respiration would 
provide valuable information in future sampling. Duel isotope labelling (δ
13C and δ
15N)   145
provides a powerful tool to evaluate the C use efficiency of mycorrhizal fungi in the 
field and should also be considered in future experiments. 
 
Higher rates of P, irrespective of form, improved IWUE although this effect was not 
reflected in δ
13C values. There was no effect of N fertiliser application on δ
13C which is 
typical where soil moisture is not limiting (Högberg et al. 1993). Phloem sap δ
13C was 
increasingly negative over the course of the growing season indicating soil moisture 
was sufficient in the latter part of the season, which is contrary to previous observations 
at the site (Chapter 3). The lack of water stress in hazel during this season can be 
attributed to changes in the irrigation regime where a 7-day cycle of 20 ml was 
employed as opposed to the 3-day cycle of 10 ml in the 2002/03 season (see Chapter 2, 
Figure 2.4).  
 
In conclusion, high rates of apatite-P increased phloem sap sugar concentrations but 
reduced T. melanosporum infection and may encourage the development of non-target 
ECM fungi. Despite this response to insoluble-P, the results also suggested T. 
melanosporum can tolerate high levels of soluble-P applied to the loam soils of the 
study site. Apatite-P did increase fine root biomass and could potentially be a useful 
means of encouraging root growth for infection by T. melanosporum provided 
contaminating ECM fungi are controlled with adequate soil lime/pH. However, there is 
a need to repeat similar experiments both in the field and in glasshouse studies to draw a 
definitive conclusion. Irrespective of form, P application increased IWUE of the 
photosynthetic apparatus in host trees. N treatments did not decrease mycorrhizal 
infection rates but did increase both the overall N balance of the host plant, and soil 
respiration rate. Both the short and long term effect of P and N application on 
fructification in T. melanosporum remains unknown and efforts should be made to 
determine such impacts given the potential of the truffle industry in Western Australia. 
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Chapter 6 
Effect of pruning on phloem sap, fine root NC concentrations and soil 
temperature 
 
6.1 Introduction 
Although rainfall and radiation have an affect on soil temperature and moisture, this has 
never been evaluated in a commercial truffière. Anecdotal evidence suggests exposure 
of soil to sunlight/radiation in the early spring months is important for stimulating early 
fungal growth and potentially as a stimulus for fructification (Callot 1999; Hall et al. 
2001; Hall et al. 2002; Sourzat 1994). Temperature changes are believed to stimulate 
fructification in T. magnatum (Hall et al. 1998b) and other mainly saprotrophic fungi 
(Oei 2003) although it is not known if a similar stimulus is required in T. 
melanosporum. Tree pruning of truffières has long been encouraged to increase 
exposure of the soil although the true impact has not been measured in any study. 
Comparisons of soil temperature that were made in Chapter 2 indicate clear differences 
in soil temperature between truffle producing sites of the southern hemisphere and the 
French site of le Montat.  
 
The seasonal and diurnal patterns in soil temperature are expected to change in response 
to a range of factors such as ambient air temperatures, radiation levels, rainfall, site 
topography, planting density and alignment, presence of ground cover plants and litter 
layer as well as soil texture and colour. Tree densities in European truffières are not 
often manipulated post-establishment as might be required to maximize truffle 
production, primarily, due to their aesthetic appeal (G. Chevalier pers. comm.) whereas 
pruning of trees is more acceptable. Tree pruning of hazels, because of their low 
branching habit, facilitates truffière management by allowing access for machinery for 
spraying, fertilizer application or soil tilling as required. The impact of pruning on host 
physiology and, importantly, soil temperature has not been documented and is the 
general aim of this chapter. 
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This chapter describes the changes in soil temperature and in the physiological aspects 
of hazel in response to pruning in a commercial truffière. Specifically the following 
hypotheses were tested: (1) pruning increases the annual average soil temperature and 
amplitude, the monthly soil degree days and the diurnal variation of soil temperature at 
the Hazel Hill site; pruning decreases (2) phloem sap sucrose concentrations, (3) fine 
root NC concentrations and (4) soil respiration rate in the short term but has no long 
term impact. 
 
6.2  Materials and methods 
 
A pruning trial was established at the Hazel Hill site during the 2002/03 growing 
season. Treatments of pruned versus unpruned trees were established in three replicated 
plots each consisting of 100 trees and spread across 5 rows (Figure 6.1). Trees within 
the stratified plots had their lower branches and water shoots (suckers) removed. 
Pruning was carried out during late January to early February of 2003 to coincide with a 
management decision to prune trees to improve access for operational purposes. A 
visual estimate of ~50% canopy removal was undertaken on designated treatment areas 
and trees within control plots remained unpruned. The lower branches of trees were 
targeted to ‘shape’ the canopy to represent an inverted cone but tree height was not 
deliberately altered. Ten trees were chosen randomly across all pruned plots and 
branches removed from each were stripped of leaves to obtain an estimate of leaf area 
and branch DW. Sub-samples of leaves were used to determine specific leaf area (SLA) 
and then calculate total leaf area removed. Fresh and dry weight of stem material was 
determined for each sample tree. Later in the season, during April, the same ten 
individuals were completely stripped of their remaining leaves and subsequent leaf area 
determined. From these two measurements an estimate of the proportion of leaf area 
removed by pruning was calculated. At the same time, measurements of projected 
canopy cover (shaded area) were determined on 20 random individuals of pruned and 
unpruned treatments. The calculation of LAI from this data was based on the area 
occupied by the majority of tree roots that were presumed to be within a 1.5 m radius of 
the main stem; hence the root zone occupied 7.07 m
2. 
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Figure 6.1: Layout of pruned plots at the Hazel Hill site. Pink indicates pruned and 
yellow represents unpruned control plots. 
 
6.2.1  Phloem sap collection 
Phloem sap was taken during the midday hours as previously described in Chapter 5. 
Fifteen trees were randomly sampled from each plot and equal volumes of phloem sap 
from 5 trees (20-75 µl depending on season) were combined to give 3 replicate samples 
per plot. Sap was collected prior to and following pruning treatment at monthly 
intervals from January through to April. Sucrose concentrations were determined as 
described in Chapter 5.  
6.2.2  Gas exchange measurements 
Rates of soil respiration (Rs) were measured as described in Chapter 5 with the 
exception that sampling points were randomly selected at ~1m from the plant stem and 
at no specific orientation to planting alignment. Leaf gas exchange of the YFEL of 
apical shoots was measured once during February.   149
6.2.3  Fine root NC 
Fine roots were sampled periodically following pruning to examine the effect on NC 
concentrations. Fine roots to a depth of 20 cm were removed from the root zone of 3 
individuals per plot using a soil corer (80 mm diameter). Cores were taken 1 m from the 
main stem and roots were dry sieved and later wet sieved on site before being frozen 
and transported back to the laboratory at Murdoch University. Fine roots were freeze 
dried, ground and sampled for NC as described in earlier chapters. 
6.2.4 Soil  data  collection 
Two dataloggers (Starlogger 6004B, Unidata Australia) were installed, each recording 
soil temperature (Thermistor probe, model 6507, Unidata Australia) at one point within 
each treatment at 5, 10 and 30 cm depths, 1 m from the tree base. One logger also 
recorded soil suction at 10 cm depth (Soil moisture transducers, model 6513 Unidata 
Australia) in each pruning treatment while the other recorded ambient air temperature 
(Gill screen temperature probe, model 6603, Unidata Australia) 10 cm above the soil 
surface. Instruments were set to a scan rate of 5 minutes with mean values recorded 
every hour.  
6.2.5 Data  analysis 
Manipulation of datasets was done using Excel and SPSS for Windows
® v. 11.0. 
Analysis of data utilised GLM and one-way ANOVA procedures to test the interaction 
of Time and Pruning treatment while the T-test statistic was used to compare within 
subject effects. Regression analysis was performed where appropriate.  
6.3 Results 
6.3.1  Changes in leaf area and canopy projection 
The SLA was calculated as being 8.90 ± 0.5 m
-2 kg
-1 DW of leaf material removed. 
Estimates of leaf area removed, based on DW of leaf material removed and calculated 
SLA at the time of pruning and ~10 weeks after pruning, indicated that 65.6 % of total 
canopy leaf area was removed in the pruning treatment (Table 6.1). Measurements of 
projected crown cover conducted 10 weeks after pruning showed a significant (T-test, 
P<0.001, n=20) reduction of crown cover (4.58 m
2) in pruned treatments, a large 
increase in the level of exposure to radiation, and reduction in LAI (Table 6.1). The   150
Figure 6.2: (a) Trees and mid afternoon (~1500 h) shadow prior to pruning in January 
and (b) after pruning in April.  
(a)  (b) 
effect of pruning treatment on canopy shape and ground exposure is illustrated in Figure 
6.2. 
 
Table 6.1: Changes in canopy dynamics as a result of pruning treatment 
 %  Canopy 
LA 
removed 
Projected 
crown cover 
(m
2) 
Root zone 
LAI 
☼ 
Truffière 
LAI 
† 
Proportion of root 
zone shaded 
(midday) (%) 
Unpruned  0  8.31 ± 0.15  4.90  2.31  92.3 
Pruned  65.62 ± 1.5  3.73 ± 0.05  2.42  1.18  41.4 
☼ Based on estimated root zone occupancy of each tree (7.07 m
2 tree
-1). 
† Based on potential canopy occupancy of each tree (15 m
2 tree
-1). 
 
 
 
6.3.2 Phloem  sap 
Phloem sap sucrose concentrations responded seasonally, as has been described in 
previous chapters. The immediate effects of pruning are evident but sucrose 
concentrations recover ~1-month after pruning treatment. Concentrations ranged from 
234.4 mM in January prior to pruning and reached a mean maximum of 547.7 mM in 
unpruned treatment plots in March. The GLM ANOVA procedure indicated a 
significant response of sucrose concentrations to Time (P=0.000, Table 6.2) and 
Pruning treatment (P=0.022) but there was no effect of the interaction (P=0.849) on 
sucrose concentrations. Generally, there was a trend for concentrations to increase with 
time but, statistically, concentrations measured between 27
th February and 23
rd April   151
were not significantly different (Table 6.2). The response of sucrose concentration to 
pruning is evident where it is significantly reduced in pruned trees (P=0.026; Figure 
6.3). A trend of lower phloem sap sucrose concentrations in pruned trees compared to 
unpruned trees existed but was not significant.  
 
Table 6.2: Phloem sap sucrose concentrations (mM) with a seasonal response to Time. 
Letters indicate result of LSD multiple range test where the same letter indicates no 
significant difference (P≥0.05) between sampling periods. 
 
Sample date  Mean  ± SE 
20
th Jan  239.55 ± 16.1  a 
06
th Feb  289.70 ± 21.6  a 
27
th Feb  445.24 ± 17.6  b 
22
nd Mar  506.27 ± 27.9  b 
23rd Apr  500.80 ± 47.6  b 
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Figure 6.3: Phloem sap sucrose concentrations in response to pruning treatment. Result 
of independent samples t-test between pruned and unpruned treatment is shown. 
n.s.=not significant (P≥0.05).   152
6.3.3  Gas exchange parameters 
Soil respiration measurements indicated a significant response to both Time (P<0.001) 
and Pruning treatment (P<0.001) as well as the interaction of treatments (P=0.028). The 
monthly variation in soil respiration during the sampling period (Table 6.3) illustrates a 
much higher rate during the months of February and March with a significant decline in 
April that may have been in response to cooler soil temperatures with the arrival of 
season breaking rains. The rate of soil respiration prior to pruning treatment (indicated 
as at January 20
th) did not differ whereas the response post pruning (February 27th and 
March 22nd) was significant with rates being 55.5 and 35.7 % lower, respectively, in 
pruned plots compared to unpruned control plots (Figure 6.4). By April, soil respiration 
rates beneath both treatments were similar.  
 
Pruning had no significant effect on leaf gas exchange following pruning (February)  
(Table 6.4). An increased trend in response to pruning was evident most notably net 
assimilation (A) that increased by an average of 17.7 %. The lack of significance in any 
gas exchange parameters, including IWUE and GEE, would indicate there was not a 
compensatory response of photosynthetic apparatus to the removal of leaf area in 
pruned treatments.  
 
Table 6.3: Monthly variation in soil respiration rate (Rs) over the sampling period. The 
same letter indicates no significant difference (P≥0.05) according to LSD multiple range 
test. 
 
 n  Mean  ± SE 
January (20
th)  42  1.83 ± 0.13 a 
February (27
th)  42  2.89 ± 0.20 b 
March (22
nd)  42  2.40 ± 0.12 c 
April (23
rd)  42  1.90 ± 0.13 a 
 
Table 6.4: Leaf gas exchange parameters (mean ± SE) taken on the 26
th Feb 2003. P-
value is the result of independent samples t-test. 
  A E gs  Ci IWUE  IGEE 
Pruned  10.49 ± 0.85  3.10 ± 0.16 177.52 ± 11.9 235 ± 7.1  3.22 ± 0.21 0.06 ± 0.0
Unpruned  8.94 ± 0.50  3.07 ± 0.16 158.04 ± 12.1 232 ± 4.1  2.94 ± 0.10 0.06 ±0.0
P-value  0.109 0.881 0.262  0.775  0.208  0.457 
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6.3.4  Fine root NC 
Fine root total NC concentrations did not respond to pruning treatment indicating no 
overall change in NC concentrations (Table 6.5). This is a similar response to that found 
in 1-year-old peach (Prunus persica) following removal of 60% of the canopy (Mediene 
et al. 2002). The concentration of NC forms (soluble and insoluble) did change in 
response to Time as indicated in Figure 6.6a and b, respectively. Soluble NC levels 
increased during February and March with decreases in insoluble NC for the same 
period and are consistent with observations in Chapters 3 and 5. There was a significant 
reduction in the soluble: insoluble NC ratio in pruned trees three weeks after pruning 
treatment but this was not a long term trend (Figure 6.6c). This reduction may be a 
delayed reaction to the reduced supply of photoassimilate as indicated by phloem sap 
sucrose observed immediately after pruning (Figure 6.3). Results of fine root NC do not 
appear to reflect changes in Rs in response to pruning treatment. 
 
Table 6.5: Result of GLM ANOVA of fine root NC concentrations. 
  Soluble NC  Insoluble NC  Total NC  NC ratio 
Time  0.001 0.012 0.097  <0.001 
Pruning 0.104  0.947  0.398  0.054 
Time x Pruning  0.116  0.085  0.188  0.021 
 
 
Figure 6.4: Monthly variation in soil respiration rate (Rs) in response to pruning 
treatment. Result of t-test between treatments is indicated and error bars indicate SE. 
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Figure 6.6: Changes in (a) soluble and (b) insoluble fine root NC concentrations over 
the sampling period and response of the (c) NC ratio to pruning over the sampling 
period. Result of LSD multiple range test is indicated in panels (a) and (b), result of t-
test between pruning treatments is indicated in panel (c). Error bars indicate SE and 
n.s. = not significant. 
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6.3.5  Soil temperature response 
In general soil temperatures increased in response to pruning treatment although 
temperatures during the cooler, winter months were only marginally higher beneath 
pruned trees (Table 6.6). Temperatures measured at all 3 depths differed significantly 
between pruning treatments according to paired samples t-test (P<0.001). The most 
profound response to pruning was observed during the summer months and to a lesser 
extent during the spring and autumn periods (Figure 6.7a). The early response to 
pruning was an increase in soil temperature beneath pruned trees but temperatures 
beneath unpruned trees remained the same. The mean monthly recording for February 
2003 was 3°C higher under pruned trees and is well above the long term average for the 
Hazel Hill site (Chapter 2). Pruning increased soil temperature beneath pruned 
treatments by only 3.2 % during the winter following pruning and is to be expected with 
no canopy present in either treatment. Soil temperatures (10 cm depth) beneath pruned 
trees during Oct ’03 were 15.9°C, a temperature that was not reached under unpruned 
trees until Nov ’03. Anecdotally, Ricard (2003) suggested ideal conditions for primordia 
development during spring are indicated by soil temperatures nearing 15°C which in 
this experiment, occurred in October under pruned trees but not until a month later 
under unpruned trees.  
 
Spring temperatures were increased by 16.8% and mean summer soil temperatures 
increased by 20.4% beneath pruned trees. The effect of pruning was more subdued in 
autumn with an 11.1% increase over unpruned plots. Hence, the greatest affect of 
pruning on soil temperature occurred during the warmer months and was most likely the 
result of increased exposure to radiation (Figure 6.7a). Mean annual soil temperatures 
increased in response to pruning as did the annual amplitude, both of which were 
similar to truffières in New Zealand (Hall et al. 2002). Cumulative degree days (>10°C) 
were higher in pruned plots following pruning and through the winter of 2003 (Table 
6.7). However, degree days increased substantially during September 2003 in pruned 
plots and remained higher than unpruned plots until data-logging ceased. Larger 
discrepancies in cumulative degrees days between pruning treatments occurred during 
the summer months than in winter. Strong correlations were observed between other 
climatic data and soil temperatures of both treatments (Table 6.8). The increased 
strength of the correlation between mean monthly radiation levels and soil temperature   156
suggests radiation had a greater impact on soil temperature beneath pruned trees while 
ambient air temperature had a greater influence on temperatures beneath unpruned trees. 
 
Diurnal variation in soil temperature increased as a result of pruning (Figure 6.7b) and 
is most evident during the summer months of the 2003/04 growing season (diurnal 
range >4°C). Summertime diurnal range beneath unpruned trees rarely exceeded 3°C 
and on average was ≤2°C (Figure 6.7b). Soil temperature data obtained from the le 
Montat research station near Cahor, France (Chapter 2) was compared to data obtained 
from pruning treatments (Figure 6.8). The seasonal variation observed during summer at 
le Montat was not achieved by pruning at the Hazel Hill site (compare Table 2.2, 
Chapter 2 and Table 6.6) but the diurnal variation in temperature beneath pruned trees at 
Hazel Hill were similar in amplitude. Late summer-early autumn temperatures with both 
treatments were similar prior to the dramatic fall in temperature that occurred in late 
April at le Montat, after which, winter temperatures were very different.  
 
Soil moisture conditions were affected by pruning (Figure 6.9) with soil beneath pruned 
trees drying more rapidly than unpruned treatments, particularly during February and 
March. Soil moisture late in the growing season was low (24-28 % w/v, Chapter 2) and 
was exacerbated beneath pruned trees. There are important implications for irrigation 
management as a result of canopy manipulation.  
 
Table 6.6: Change in air and soil temperature in response to pruning based on mean 
monthly summaries between February 2003 and February 2004. 
Probe   Pruning 
treatment 
Mean annual 
temperature 
(°C) 
Highest 
monthly 
temperature 
(°C) 
Lowest 
monthly 
temperature 
(°C) 
Annual 
amplitude  
(°C) 
Unpruned 12.7  18.6  8.1  5.2  Air temp. 
Pruned  13.1  18.9  8.6  5.1 
Unpruned 14.9  19.0  10.5  4.2  5 cm (soil)  Pruned  17.1  22.9  10.9  6.0 
Unpruned 15.1  19.0  10.8  4.1  10 cm (soil)  Pruned  17.1  22.6  11.2  5.7 
Unpruned 15.4  19.0  11.4  3.8  30 cm (soil)  Pruned  16.9  21.5  11.9  4.8 
Hazel Hill long term 
average (10 cm)  14.2 17.5  10.4  3.5 
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Table 6.7: Cumulative degree days (>10°C) of soil temperature at 10 cm depth. 
 2003  2004 
 Unpruned Pruned Unpruned Pruned 
January n/d  n/d 255 372 
February 226 311 261 367 
March 227  280 224 331 
April 188  219 176 223 
May 167  186 109 115 
June 53  63 67 71 
July 41  54 34 43 
August 49  64 37 51 
September 96  113 72  95 
October 126  184 132 195 
November 175  297 n/d n/d 
December 207  319 n/d n/d 
 
 
 
Figure 6.7: (a) Mean monthly soil temperature (10 cm) and (b) mean monthly diurnal 
variation (based on daily range) in response to pruning treatment. 
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Figure 6.8: Comparison of soil temperature (10 cm depth) in pruned treatments at Hazel Hill and le Montat, France (adapted to SH season). Data for le 
Montat is hourly data between the 11
th July 2003 and 6
th February 2004 (courtesy: P. Sourzat). 
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Table 6.8: Correlation matrix of factors impacting on soil temperature at the site. 
Pearson’s correlation coefficient. Asterisk indicates significance at the 
* 0.05 and 
* *0.01 
level. 
  Soil temperature (10 cm) 
 Pruned  Unpruned 
Radiation 0.868
 ** 0.775
 ** 
Ambient air temperature  0.865
 ** 0.910
 ** 
Humidity -0.920
 ** -0.943
 ** 
Soil moisture  -0.521 
 * -0.612
 ** 
 
 
 
6.4 Discussion 
This is the first known record of the effect of any form of canopy manipulation on host 
physiology and soil temperature in a commercial truffière. Results of this experiment 
suggest a reduction in canopy size of the host plant has no long-term effect on fine root 
NC concentrations, phloem sap sucrose concentrations, and soil respiration rates. All of 
these parameters were affected in the short term by pruning. The reduced transport of 
photoassimilate to below ground structures was evident by the reduced sucrose 
concentration of phloem sap in response to pruning. This in turn impacted on rates of 
soil respiration (Rs) and fine root NC ratio. This is a similar finding to the tree girdling 
Figure 6.9: Response of soil moisture to pruning as influenced by irrigation and 
rainfall. Data is from 15
th Dec 2003 to 02 May 2004.   160
experiment of Högberg et al. (2001) in a boreal Scots pine forest of Sweden. They 
observed a significant reduction in soil respiration, sporocarp number and biomass 
production of ECM fungi and starch concentrations of fine roots following girdling. 
They concluded current photosynthate provides for the immediate C demand of below 
ground heterotrophic organisms and not necessarily stored C in plant roots. The findings 
of the current pruning experiment are in agreement with this conclusion. The significant 
response of soil respiration to pruning further indicates the dependence of below-ground 
organisms on current photosynthate as opposed to stored C of the plant roots. Further 
support of this is the insignificant response of fine root soluble and insoluble NC to 
pruning. Presumably, fine root NC was not affected due to the rapid recovery of the 
canopy (albeit reduced in size) and associated recovery of photoassimilate transport as 
indicated by phloem sap sucrose concentrations. Rapid recovery and the compensatory 
increase in net photosynthesis of the canopy is an explanation similarly put forward by 
Mediene  et al. (2002). Their study found pruning had no impact on fine root NC 
concentrations in peach trees and was presumed to be the result of an increase in net 
photosynthesis of the remaining leaves. There was no such compensatory response of 
photosynthesis observed of hazel in this study. Clearly, such recovery cannot occur in 
girdled treatments and is why stored reserves decreased in fine roots of Scots pine 
(Högberg et al. 2001). The implication this has for truffle production is that pruning 
during the growing season, and generally, is not likely to have a significant detrimental 
impact on growth of formed truffles providing the resulting affect on soil temperature 
and moisture is required and managed, respectively. In an experimental truffière in 
Clermont-Ferrand, France, continued production of black truffles from trees at the early 
coppice stage after complete shoot removal (Figure 6.10b; G. Chevalier, pers. comm.) is 
further evidence to support the use of pruning and potentially thinning in established 
truffières in the southern hemisphere. 
 
The significant, long term impact of reducing plant canopy size on soil temperatures 
was observed immediately following treatment and continued into the following season. 
This effect was particularly evident during the summer period where mean soil 
temperatures increased as did the diurnal variation under pruned trees. Monthly soil 
degree days increased substantially in pruned plots in the spring of 2003 and were 
maintained thereafter although this impacted on soil moisture. Soil moisture decreased 
more quickly following irrigation than beneath unpruned treatments. The soil drying   161
(a)  (b) 
(c)  (d) 
Figure 6.10: Truffières of T. melanosporum near Clermont-Ferrand, France located on 
rich volcanic soils overlying deeply fissured limestone. (a) Oak truffière with declining 
truffle production is thought to be due to excessive growth and canopy closure. (b) 
Exposure of soil to radiation beneath common hazel, C. avellana, (left) and Turkish 
hazel, C. colurna (right). (c) Aesthetic appeal of a mixed planting of Quercus spp. and 
black hornbeam (Ostrya carpinifolia ). Although inoculated with T. melanosporum it is 
non-productive (7 years of age) and the shaded conditions would more likely favour 
production of T. uncinatum. (d) INRA experimental truffière with complete shoot 
removal and coppice development of a row of trees to increase exposure beneath 
neighbouring trees. Truffles were harvested from trees the year following shoot 
removal. (G. Chevalier, pers.comm.). 
cycle clearly changes beneath pruned trees and is an important management 
consideration. The increased levels of radiation reaching the bare soil beneath pruned 
trees is presumed to be the primary reason for the increase in temperature. This has long 
been postulated as the primary means by which soil temperatures can be manipulated in 
commercial truffières (Hall et al. 2002; Hall and Brown 1989; Ricard 2003) although 
this study is the first to quantitatively assess the impact of canopy manipulation on soil 
temperature and moisture.    162
Byé (2000) argues pruning should never be excessive and wide canopies should be 
encouraged as the truffle is found in the projection of the shadow. There is a 
contradiction in Byé’s (2000) recommendations since he also suggests a truffière needs 
a great deal of light and air. Therefore, planting density is the only means of achieving 
both a broad canopy and sufficient exposure of the soil to radiation, wind, rain and frost. 
Hall and Brown (1989) suggest there is no definitive rule for planting density and state 
that densities may range between 100 and 1250 stems ha
-1. They state there is evidence 
that higher density plantings produce truffles at a younger age and lower densities at a 
later age and this should be given consideration from a commercial perspective. Low 
densities are common in SW France (Figure 6.11) although close planting within rows 
has yielded positive results but experimental trials are too young to fully evaluate any 
long term gain (J. M. Olivier pers. comm.). Hall and Brown (1989) also recommend 
lower planting densities on fertile soils given the greater growth observed of host trees. 
This is also a recommendation in the Puy-de-Dôme (Clermont-Ferrand) region of 
France for growing the black truffle (Figure 6.10).  
 
Pruning provides an alternative for controlling host vigour with no long term impact on 
host physiology, but, it should be recognised that pruning will need to be repeated if 
‘open’ conditions are to be maintained. However, pruning will eventually become 
ineffective in densely planted truffières and thinning will ultimately be required to 
maintain ‘open’ conditions. Both cultural practices have economic implications for the 
truffière. Comparative studies would be of significant value in comparing the affect of 
canopy shape and planting densities on soil temperature within and between sites of 
truffle growing regions. Commercial sensitivity could provide constraints to the 
gathering and sharing of such information for determining management practices most 
favourable for truffle production. 
 
It remains unknown what role variations in soil temperature plays in fructification of the 
black truffle, if any. A sudden change in soil temperature has been proposed as a 
stimulus for fructification in T. magnatum, usually coinciding with heavy rainfall (Hall 
et al. 1998b). However, Hall et al. (2002) found no relationship between ascocarp 
production in T. melanosporum and mean summer and winter temperatures and rapid 
decreases in temperature in the late summer/early autumn period. It may be that a rapid 
change in temperature is the trigger in this species but it is more likely that such   163
changes occur during spring when fructification is understood to be initiated (Chapter 
3). Ricard (2003) states that a productive truffière typically has soil temperatures above 
15 °C in spring (specifically October) suggesting a requirement of sufficient soil degree 
days for fructification to occur, and this is similarly argued by Hall et al. (2002). There 
is no suggested benchmark of degree days by which to compare the data in this 
experiment which indicates the need to consolidate datasets for a range of truffière sites 
– producing and non-producing. 
 
 
(a) (b)
(c) (d)
Figure 6.11: T. melanosporum truffières of SW France near Cahor. (a) A natural forest 
area indicative of much of the forest of the region. Increasing density of these forests has 
been associated with decline in truffles harvested from these areas. (b) An old rejuvenated 
truffière indicating the open expanses between trees. (c-d) Modern planted truffières 
primarily of Quercus spp. with wide spacing between rows.   164
As previously mentioned, pruning did not reduce soil temperatures during winter as 
might be expected with a reduction in canopy cover increasing exposure to cold winds, 
rain and frost during winter. Winter temperatures at the Hazel Hill site contrast with 
those of the le Montat research station that has higher summer and lower winter 
temperatures. It is important to acknowledge that le Montat had the only data obtainable 
from French sites and other sites may have similar soil temperatures to that observed in 
Australian truffières. Future management of the Hazel Hill site and new plantings in 
Western Australia need to consider planting density options and earlier pruning 
intervention to maintain canopy shape that optimises soil exposure and provides 
adequate conditions for root and fungal growth, particularly early in spring at the time 
of the initiation of fructification. 
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Chapter 7 
General discussion 
7.1  Summary and discussion of research findings 
 
The research presented in this thesis provides information pertaining to the successful 
cultivation of black truffle in Western Australia. The greatest limitation to trufficulture 
in south-western Australia is the availability of quality water resources and the 
availability of suitable land in the desired climatic zones. The application of lime to 
indigenous soils is necessary to maintain adequate pH and to control competitor ECM 
fungi, although, the impact of liming on C partitioning in hazel was less significant. The 
C dynamics of the most commonly used host, European hazel, would indicate the truffle 
ascocarp could potentially utilise recently assimilated C for its growth and development. 
However, it was not possible to determine whether there is a direct transfer of C from 
host to ascocarp via the ECM structures or whether the ascocarp is entirely independent 
of the host during its development. Carbon assimilation in hazel was limited by soil 
moisture as opposed to extremes in VPD and air temperature further highlighting the 
need for quality water for irrigation. Apatite-P increased phloem sap sucrose 
concentrations, but there was no change in fine root NC concentrations in response to 
any fertiliser treatment suggesting there was no increase in allocation of C to ECM 
structures. A varied response of ECM infection to fertiliser treatment was observed. 
Pruning increased spring, summer and autumn soil temperatures but did not impact on 
winter temperatures. Pruning increased the annual mean and amplitude of soil 
temperature to a level similar in other producing truffières of the southern hemisphere. 
Pruning treatment had no long term negative impact on C translocation and storage in 
hazel. Many of these key findings are discussed in greater detail below. 
 
With the harvest of a 200 g black truffle from a single oak tree in 2003 and 4.5 kg (50 
ascocarps) of truffles from beneath both hazel and oak trees at the Hazel Hill site in 
2004, as well as the harvest of ~2 kg from a neighbouring property in the same year, 
there is a strong indication of the potential of the region to produce significant quantities 
of quality black truffles. Although no truffles appeared on any of the experimental plots 
established during the study period, it does demonstrate that conditions, both biotic and   166
abiotic, in the region are suitable for trufficulture. These were the first black truffles to 
be produced on mainland Australia suggesting further expansion in areas of suitable 
climate will be successful. The production in 2004 most likely relates to maturity of the 
mycelial mass in the soil or, possibly, as hypothesised by Hall et al. (2002), the 
maturation of the host tree producing a flush of hormones that act as a signal for fungal 
fruiting. There is no evidence in the literature of involvement of plant hormones in 
ascocarp development. Extensive monitoring of seasonal changes in hormone 
concentrations in different plant organs and across a number of trufficulture regions 
would be necessary to definitively determine its role. It is not known whether the 
change in irrigation regime (Chapter 2) stimulated ascocarp formation. 
 
The climatic regions of south-western Australia are similar in many ways to those of 
southern France (Chapter 2). Differences between these regions are largely in rainfall 
and extremes of air temperature and, hence, soil temperature. Rainfall patterns in south-
western Australia are distinctly seasonal and rarely exhibit significant summer rainfall 
events, which is in contrast to the long term patterns of southern France. Differences 
exist in seasonal extremes of air temperature with warmer winters at the Hazel Hill site 
compared to sites in Europe and New Zealand. Air temperatures and irrigation affect 
soil temperature and as a result there is lower annual amplitude at Hazel Hill, 
particularly compared to the le Montat research station in France and other truffières of 
New Zealand and Tasmania. It has been well demonstrated in this study that soil 
temperatures can be manipulated dramatically through effective canopy management 
and this has significant consequences for current and future plantings (Chapter 6). 
Climatic considerations (rainfall and temperature variation) will limit trufficulture in 
south-western Australia, although perhaps not to the extent that the availability of water 
for irrigation purposes will. The geological age of the landscape lends itself to 
significant issues of groundwater salinisation, exacerbated by land clearing for 
agriculture and excess groundwater recharge. Hence groundwater may be of poor 
quality, indeed too poor for trufficulture, particularly, in the low rainfall areas of the 
south coast of WA. 
 
Soil types suitable for trufficulture in WA are reasonably extensive although those that 
are currently targeted for viticulture and other horticultural crops are considered most 
favourable for trufficulture. Significant quantities of lime are required on the acid loam   167
soils of the region. Competition from ECM fungi on host roots can be reduced by lime 
application in these soil types (Chapter 4) and liming is likely to be the most effective 
means of control in the field. It is not clear from the literature whether pH or CaCO3 
levels are of greater significance for mycelial growth and ascocarp development in the 
black truffle. T. melanosporum ECM development in this study did not increase in 
response to lime treatment suggesting neither pH nor CaCO3 levels are important, at 
least for ECM development. This finding is contrary to that of Brown (1998) who found 
in a pot experiment that maximum infection levels of T. melanosporum occurred at the 
highest rate of applied lime (25 g kg
-1 soil; pH 7.3) and concluded that this was a 
function of pH as opposed to higher calcium levels.  
 
The low levels of T. melanosporum infection recorded in the glasshouse experiment 
(Chapter 4) were attributed to differences in fine root abundance in young potted plants 
compared to more mature field grown plants. The sampling method used throughout the 
project may have contributed to differences observed in infection levels between 
glasshouse and field grown plants. Another contributing factor to the low rates of 
infection in the glasshouse study is low soil nutrients. Previously, T. melanosporum has 
been shown to be tolerant of quite high levels of available soil P (Brown 1998). The 
soils of south-western Australia are impoverished in many essential nutrients, 
particularly P and N, hence the application of fertiliser is necessary for any form of 
agriculture. The high levels of P in soils of southern France and northern Spain would 
suggest T. melanosporum is accustomed to higher levels. However, the availability of P 
can vary with soil pH. The outcome of the field fertiliser trial (Chapter 5) confirmed the 
tolerance of T. melanosporum ECM to soluble P forms while results were mixed and 
somewhat inconclusive in response to apatite-P forms. The highest rate of apatite-P 
decreased infection levels of T. melanosporum with no change in ECM infection at the 
lowest rate of apatite-P. The competitive response of other ECM fungi to fertiliser 
requires further research, as does the physiological response of the host. The application 
of significant quantities of apatite-P to truffières prior to establishment could encourage 
the development of nutrient scavenging species like Hebeloma. If future experiments 
confirm the findings of this study then it would be necessary to evaluate the 
effectiveness of lime in controlling such fungi.  
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Acidification of the soil profile by ECM fungi (Chapter 4), indicates lime application to 
these soil types should be sufficient to buffer this effect. The ability of Scleroderma and 
Hebeloma to modify the soil profile can be minimised by applying lime to soil that has 
been treated with P fertiliser, thereby limiting the potential of these fungi to form ECM 
with host species. The increase in fine root biomass in response to P treatment indicates 
P was limiting for root growth. Furthermore, the applied amounts were not detrimental 
to black truffle ECM infection. It is hypothesised that an increase in fine root biomass 
will lead to increased rates of ECM infection by the target species (T. melanosporum) 
and ultimately ascocarp production. However, there is a need to confirm whether an 
increased rate of ECM infection by T. melanosporum results in increased truffle 
production. 
 
The application of N was found not to reduce mycorrhizal infection at a rate of 100 kg 
N ha
-1 (Chapter 5) but it did affect plant N balance as indicated by foliar N 
concentrations and gas exchange parameters. The long term affect of continued N input 
at this rate is unknown, particularly with respect to truffle production. Manipulation of 
the soil C: N ratio by N addition can influence mineralisation rates and might be 
important for the availability of free carbohydrates in the soil that could be utilised by 
the truffle ascocarp if it is indeed saprotrophic. Further experiments are necessary to 
examine the seasonal soil C pools in response to N addition and whether N addition has 
any impact on ascocarp formation, growth and maturation as a result. More generally, 
the results of this study indicate that N addition is necessary for adequate growth of the 
host plant on this soil type. Nitrogen forms and application rates require further 
exploration, particularly with respect to organic N forms that have seen only limited 
experimentation in European and Australian truffières.  
 
Although not determined experimentally it has been observed in truffières of Europe, 
NZ and Australia that stunted trees often produce substantial quantities of black truffle, 
though the reasons for which are not clear. It is reasonable to suggest that impoverished 
soils limit plant growth, increasing their dependence on the mycorrhizal symbiont for 
nutrients and thereby increasing the C “investment” in these fungi, contributing to their 
reproductive success. This would imply that optimum growth conditions for hazel may 
be detrimental to ascocarp development, particularly in the long term. Rapid growth of 
the host plant beyond the establishment phase may not be desired in commercial   169
truffières but there is a great need to investigate these concepts. Further experimentation 
under controlled conditions is necessary to develop a greater understanding of the 
impact of fertilisers on ECM functioning and fructification in commercial truffières in 
Australia and elsewhere. 
 
The role of hazel in supplying photoassimilate to fine roots, and ultimately to the black 
truffle fungus, formed a major part of this study. Because ascocarps of the black truffle 
were not found in the experimental plots, it was not possible to observe any physical 
links between mycorrhizas and ascocarps in this study. Hence, one can only continue to 
speculate as to the C supply chain to the ascocarps during development. Both Callot 
(1999) and Ricard (2003) acknowledge there is little evidence of fungal filaments 
linking the ascocarp and tree roots, but both make the consistent observation that 
ascocarps form and grow close to large lateral roots and are not necessarily closely 
associated with mycorrhizal short roots. This has also been observed for truffles at the 
Hazel Hill study site. This further implies a close association between the ascocarp and 
the host plant and could also provide an explanation for the long period from truffière 
establishment to truffle harvest. It is important to acknowledge that these are anecdotal 
observations and further experimentation is required to provide scientific evidence. 
 
It is possible that production is associated with sufficiently large lateral roots that would 
typically develop over a number of years after establishment. The significance of this 
association could be a more reliable and stable C source that is required for the long 
growing period of the ascocarp. Larger lateral roots have greater C storage capacity 
compared to fine roots and for this reason are less volatile in response to source-sink 
demand, particularly in mature plants. The maturity of vascular tissue in these larger 
lateral roots would provide ample carbohydrate throughout the development of the 
ascocarp, particularly late in the season (Chapter 3). Fine roots with intense ECM 
development of T. melanosporum occur irregularly along the length of woody lateral 
roots and these may be the primary sites of ascocarp formation (Callot 1999; Ricard 
2003). Such short, fine ECM roots might provide the “conduit” by which C compounds 
are transferred from these larger roots. Observation of the proximity of harvested 
truffles to large lateral roots and these infrequent, short ECM roots in the future will 
assist in determining their significance in the development of the black truffle ascocarp.  
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Alternatively, the root zones where these large lateral roots exist may contain sufficient 
quantities of fungal mycelium associated with the mycorrhizal short roots at a level of 
maturity (sufficient stored C) that allows ascocarp initiation and development, and as a 
result direct C transfer from the host need not occur. Assessments of fungal biomass 
(ergosterol and chitin) in the root zone may be a valuable tool to provide evidence for 
this. There remains a need to confirm whether direct transfer of C takes place for the 
nourishment of the ascocarp. Ultimately the primary C input to the soil in a truffière is 
from the host plant, and presumably, the ascocarp will utilise whatever sources it can, 
either directly from the host, or if it is capable, indirectly from the soil. Stable and radio- 
isotope labelling will prove an important tool to study such transfer processes provided 
there is sufficient differences in isotopic signature between C pools. This study found 
isotope signatures (δ
13C) of phloem sap in hazel ranged between ca. –25 and –28 ‰. 
This range is much lower than that observed in Eucalyptus globulus growing in south-
western Australia (Pate and Arthur 1998; Pate et al. 1998) which is attributed to 
irrigation of the truffière. Sampling of labile C pools for δ
13C in the soil are required to 
determine seasonality in C isotope signatures. Manipulation of plant and soil C isotope 
signatures can be achieved through exposing the canopy to 
13C depleted CO2 or 
supplying 
13C enriched C4 derived carbohydrates directly to the soil. Sampling of 
ascocarps following exposure to either or both treatments will provide at least some 
indication as to whether there is preferential uptake of C from the soil or whether there 
is rapid transfer of C from the photoassimilate stream. The phloem bleeding technique 
provides a means to trace labelled photoassimilate and, now, with mainstream sampling 
and analysis of respired CO2 for δ
13C, it is possible to follow a label through the below 
ground compartment.  
 
Nuclear magnetic resonance (NMR) spectroscopy will, similarly, prove an invaluable 
and more robust tool for determining key metabolic processes in modern trufficulture. It 
will also be invaluable for metabolic profiling of C compounds of the truffle ascocarp to 
assist in determining the primary C source. For example, Callot (1999) suggested 
anaplerotic uptake of C by the ascocarp contributes significantly to the C nutrition of 
the black truffle ascocarp although it has never been confirmed by other studies. A 
similar suggestion has been made for mycelium and ascocarp tissue of Tuber borchii 
whereby C compounds derived from the degradation of free fatty acids were, 
presumably, utilised in the Kreb’s cycle via the anaplerotic pathway (Lacourt et al.   171
2002). A recent study confirmed the significance of anaplerosis in glucose metabolism 
in T. borchii mycelium and it was suggested that utilisation of this pathway would 
increase C use efficiency by the uptake of respired CO2 (Ceccaroli et al. 2003). Much 
has been learned from the studies of C metabolism in T. borchii  (e.g. Ceccaroli et al. 
2003; Ceccaroli et al. 2002; Lacourt et al. 2002; Polidori et al. 2004; Vallorani et al. 
2002; Zeppa et al. 2000) and may be adapted to T. melanosporum. Similar NMR 
spectroscopy and gene expression studies can provide an insight into C acquisition 
pathways of the black truffle, particularly when coupled with isotope labelling 
techniques. The wider application of such techniques, particularly in the field, would 
enable the effect of abiotic factors on C metabolism to be examined more rigorously.  
 
The exact stimulus/stimuli for fructification in the black truffle remain unknown. Ricard 
(2003) implicates the involvement of soil temperature, humidity, pH and oxygen 
availability in the soil as providing the keys to fructification. These factors may be 
involved in their own right or act in combination to produce the young truffle. Further 
study needs to target these factors in an attempt to artificially stimulate fructification in 
T. melanosporum. Rapid declines in temperature during summer and autumn have been 
hypothesised by Hall et al. (2002) although the timing of fructification proposed is at 
odds with what has been reported in French literature. Nonetheless, the same rapid 
changes in temperature during spring may yield positive results, particularly, if spring 
soil temperatures are above the annual average. Fructification and growth in the black 
truffle could involve interactions with microbial populations in the soil and the impact 
of abiotic factors has on soil processes. For example, the black truffle ascocarp often 
exhibits numerous lobes suggesting no single rate of growth but rather, a punctuated 
growth pattern. It has been mentioned earlier that N can limit mineralisation rate in soils 
and in a similar manner so can soil moisture. The drying cycle of the soil is likely to 
dictate mineralisation rates hence it is possible that rainfall events stimulate rapid 
activity in such soil processes thereby increasing the availability of C compounds in the 
soil for uptake by the ascocarp. The anecdotal and scientific literature consistently 
reports the benefit of summer rainfall in the form of heavy downpours associated with 
storms typical for Mediterranean Europe and the demonstrated benefit of irrigation for 
truffle production. Is it possible that soil microbial activity regulates the growth of the 
ascocarp? Answering this question will involve examining the many physical, chemical 
and physiological interactions of the soil.   172
It has been inherently difficult in this and previous studies, to maintain adequate control 
of climatic conditions and observe the fundamental processes that take place below-
ground. For example, methods to control soil temperature are problematic particularly 
in the field. The possibility of removing field-grown trees and placing them in 
controlled conditions offers the opportunity to control and manipulate the abiotic 
environment, both of the soil and the plant canopy. The use of dasotrons is one such 
system used to examine plant response to a range of climatic conditions and soil fertility 
factors (Finér et al. 2001; Repo et al. 2004). Response to fertiliser can be closely 
monitored as can physiological aspects of the host plant to various treatments, for 
example. Soil temperature and moisture can be manipulated to test hypotheses of 
fructification and the physiological significance of the host can be evaluated. Whilst 
capital investment would be high with such equipment, the potential gains for growers 
and industry would be expected to outway this, particularly where market conditions 
ensure premium price for the end product. 
 
A very concerning feature of many truffières in the southern hemisphere is a decline in 
yield following a promising start to production and a number of hypotheses were 
explored by Hall et al. (2002). The conclusion reached was that soil temperatures are 
more critical to fungal fruiting than plant physiological factors. Hall et al. (2002) 
hypothesised summer soil temperatures are not high enough and this is compounded by 
canopy closure. Based on the results of Chapter 6, this is a credible explanation as there 
were substantial differences in soil temperature as a result of pruning and canopy 
management. These trial plots should be maintained for the longer term in order to 
provide sound evidence of any benefits of pruning for truffle production. If soil 
temperatures are critical for primordia formation and early growth of the black truffle 
ascocarp then there are consequences for future planting densities (Hall et al. 2002) and 
canopy management of truffières (Chapter 6), particularly in the cooler regions of the 
southern hemisphere. 
 
7.2  Future research directions 
 
The commercial potential of the truffle industry in Australia is yet to be realised and 
further investment in the industry is dependant on sustained production of truffles of   173
sufficient quantity and quality. At this critical stage, the industry is dependant on a 
multifaceted research approach to ensure it reaches its full potential and longevity. The 
priority areas requiring research input are discussed below. 
 
•  Primordia formation. The formation of primordia is often induced in other 
commercially important fungal species by changing one or a combination of the 
following; (1) temperature, (2) humidity, (3) deficiency of a specific nutrient 
(Lacourt et al. 2002), (4) CO2 concentration of the air, (5) light or imposing a 
physical shock (Oei 2003). It is suggested that most of the changes that stimulate 
sporocarp formation have the most negative affect on mycelial growth, hence the 
less favourable conditions for mycelial growth will stimulate sporocarp 
production. Interestingly, these conditions should not be applied until the 
mycelium has colonized the substrate. As examples (all taken from Oei 2003), 
the Oyster mushroom (Pleurotus spp.) requires cold shock and reduced CO2 
concentrations for induction and light must be present; Agaricus bisporus needs 
nutrient rich compost, lowered temperature, reduced CO2 concentration and 
increased watering; Shiitake (Lentinula edodes) grown on whole logs are 
immersed in water for 1-2 days to simulate physical or anaerobic shock by 
removing CO2 from the substrate. Changes in key metabolic processes are, most 
likely, the desired effect of these factors. 
 
Factors potentially involved in the fructification of the black truffle include the 
following. 
o  Rapid reduction in temperature during the spring-summer period from 
rain storms or irrigation could provide conditions necessary for 
fructification. 
o  High soil humidity during the spring-summer period might be important 
during primordia formation. 
o  Deficiency of a specific inorganic nutrient is unlikely to play a key role 
although the deprivation of C and organic forms of N did up-regulate 
phospholipase (TbSP1) in hyphae and ascocarp tissue of T. borchii 
generating free fatty acids that could be utilized in the anaplerotic 
pathway (Lacourt et al. 2002).    174
o  Similarly, CO2 concentrations of the soil substrate could be important for 
mycelial growth in this species and also for primordia formation and 
ascocarp growth via the anaplerotic pathway.  
o  Light is unlikely to be necessary for primordia formation but solar 
radiation is important for heating soil in early spring to provide optimum 
conditions for ascocarp initiation. 
o  Physical/anaerobic shock could result from heavy summer rain. 
Complete saturation of the soil would be required to remove air pockets 
for a considerable period initiating primordia development.  
o  Maintenance of appropriate humidity levels could be required making a 
further case for management of soil humidity/moisture. 
 
•  Plant mediated C nutrition of the ascocarp. Carbon storage patterns of the 
European hazel are now known (Chapter 3) but its allocation to the fungal 
symbiont remains unclear. Studies of C transfer processes and their regulation in 
ECM structures are required to determine seasonality of host C availability to T. 
melanosporum mycelium for maintenance, growth and fructification. Such 
seasonality is most likely controlled by changes in enzyme activity at the plant-
fungus interface (Hartig net). Temperature and oxygen dependence of enzymes 
are implicated in C transfer processes of ECM, but no study has examined the 
functionality of such enzymes in T. melanosporum ECM. The temperature 
dependence of enzyme activity might alter signaling processes (Chapter 1; 
section 4.1) thereby initiating changes in the physiology of the fungal mass and 
could be involved in fructification. Future research on ECM enzyme kinetics 
specific for T. melanosporum would prove invaluable to understanding the 
impact of biotic and abiotic factors on C transfer processes in ECM of this 
species.  
 
•  Soil C pools. The seasonal availability and significance of labile forms of C in 
the soil of commercial truffières are not known. The role of soil microbes in 
ascocarp development is not understood but a relationship exists between soil 
microbial activity, soil moisture and ascocarp development (Mamoun and 
Olivier 1990). There also exists the hypothesis that anaplerosis is a significant 
pathway for C uptake in T. melanosporum, particularly, for ascocarp growth   175
(Callot 1999). The hypothesis has never been verified but there are indications 
from other fungal species that high CO2 concentrations of the growing 
environment are important for spawn run (hyphal growth) and, in some cases, 
that a reduction in atmospheric CO2 concentration is a trigger for primordia 
formation (Oei 2003). The role for anaplerotic uptake of carbon from the 
growing substrate can be evaluated in in vitro studies of vegetative mycelium as 
well as examining the C compounds of ascocarps using NMR spectroscopy as 
discussed earlier. Hence, there is a need to understand the biotic and abiotic 
interactions and their impact on soil C pools, particularly if the truffle ascocarp 
is significantly dependant on this pathway for its growth and development. 
Some specific questions are: 
o  Do truffle fungi have strong lignolytic capabilities? 
o  To what extent does T. melanosporum depend on soil microbes to 
breakdown soil C? 
o  What seasonal changes occur in the soil C pools? 
o  How important are the soil bacteria in altering these soil C pools? 
o  What fraction of soil C does the ascocarp utilise for growth (if at all)? 
o  Is anaplerosis a significant C uptake pathway in T. melanosporum?  
 
•  Fertiliser use. A distinct research priority for trufficulture in the SH is the use of 
fertilisers to promote mycelial growth without limiting plant growth. The 
experiment reported in Chapter 5 provided evidence that the manipulation of soil 
nutrients can impact on rates of ECM infection but more detailed work is 
required to determine the impact on ECM functioning. The use of organic 
fertiliser in commercial truffières is uncommon and results of experiments to 
this point are inconclusive. New approaches derived from organic farming 
practices may yield positive results for trufficulture provided there is sufficient 
sampling to evaluate fungal response to organic fertilisers.   
 
•  Clonal material. The development of clonal material for future plantings in 
Western Australia would be particularly useful to evaluate host-symbiont 
interactions and allow repeated experimentation in field and glasshouse trials. 
Trials with clonal material in France are in the early stages of production but 
early results are encouraging (G. Chevalier and J.M. Olivier pers. comm.). The   176
selection of particular host species, cultivars and development of clonal lines 
chosen specifically for particular sites or characteristics is anticipated to increase 
yield from commercial truffières.  
 
•  Pruning/planting density. The benefit of pruning has been demonstrated in this 
study (Chapter 6) although treatments need to be maintained to evaluate the long 
term effect on truffle production. Future plantings should incorporate planting 
density trials with the establishment of experimental plots of mixed or single 
plant species to determine the most appropriate planting arrangement for specific 
climates. Long term experimental trials of this nature will be particularly useful 
to study site occupancy of T. melanosporum and the relationship between 
planting density and truffle production. It is assumed that truffle production 
begins following sufficient occupancy of the soil by the fungal mycelium, 
however, it is not clear whether this can be encouraged by increasing planting 
density. At the Hazel Hill site, tree density can be manipulated by removal of 
trees to examine its impact on future production levels.   
 
•  Host species. The use of other plant host species for trufficulture has not been 
explored in the SH. Hazel and oaks (predominantly Q. robur) are used most 
extensively in the SH but few other species are used. Turkish hazel (C. colurna) 
has not been planted in truffières of the SH and offers greater benefits in coppice 
control compared to common hazel (C. avellana). Other species such as black 
hornbeam (Ostrya carpinifolia) may be substituted for hazel in mixed plantings 
with oak and later removed if necessary to maintain sufficient exposure of the 
soil. The selection of clonal lines based on truffle productivity from individuals 
offers great potential for the truffle grower and researcher and should be a 
priority in the early stages of trufficulture in the SH.  
 
•  Watering regimes. The significance or purpose of irrigation regimes in 
commercial truffières is an area that requires research emphasis. Current practice 
in truffières of the SH are to maintain adequate moisture for plant growth. It is 
not clear whether soil moisture should be sufficient to ensure adequate fungal 
growth, in which case, soil moisture would need to be defined for individual soil 
types and will depend on soil structure. Experiments in France have established   177
that truffle yields benefit from regular irrigation although it is indicated a 
distinct drying period between watering is necessary. Dehydration has been 
suggested as a means to initiate fructification in Tuber species (Pegler et al. 
1993). Large scale experiments are necessary to determine the specific impact of 
soil moisture on microbial activity and plant water stress in different soil types 
and the relationship with fungal growth and ascocarp development. 
 
The apparent fragility and fastidious nature of the growth habit of the black truffle 
places considerable restraint on the design of experiments with sufficient rigor to 
confidently assess the response of truffle growth and development to specific 
treatments. The long developing period and irregular fruiting habit of the black truffle 
does not enable repeatable experimentation, particularly, in the SH where truffières are 
still relatively immature. Nonetheless, experimentation is necessary to define the 
boundaries of trufficulture given the enormous potential of the truffle industry in 
Australia. Truffière management revolves around maintaining soil conditions believed 
to be suitable for truffle formation and these are taken to resemble those of natural and 
artificial truffle growing regions of Europe. There is a need to develop rigorous 
scientific experiments that move beyond the legend, lore, empirical and anecdotal 
evidence that forms the basis of current truffle growing practices. Greater focus on the 
more fundamental aspects of ECM functioning will provide a more useful dimension to 
understanding important physiological interactions between the host plant and black 
truffle fungi. This thesis provides a framework and the basis for further work on the C 
physiology of the black truffle and its host.  
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Appendix I 
Table 1: Comparison of sunshine hours of French trufficultural regions and selected Australian sites (after Glastones 1991). 
 
 
Period 
Angouleme, 
Fr. 
Beaujolais, 
Fr.  Bergerac, Fr. Cahor, Fr.  Bordeaux, Fr Cosne, Fr.  Dijon, Fr. 
Lower 
Savoie, 
Fr.  Montpellier, Fr. Orange, Fr. 
Pomerol, 
Fr.  Serrieres, Fr. 
October  180 176 164 164 185 172 175  176  223  221 175  176 
November  211 222 185 185 205 204 212  225  277  277 195  218 
December  223 236 210 210 227 227 241  235  298  296 218  238 
January  254 269 248 248 257 239 258  273  342  341 253  265 
February 235 244 241 241 250 229 242  244  294  303 245  243 
March  204 199 198 198 205 184 192  201  240  246 201  197 
April  135 124 136 136 143 124 129  122  190  185 140  126 
Oct-Apr  1442 1470 1382 1382 1472 1379 1449  1476  1864  1869 1427  1463 
 Valence,  Fr. 
France 
(mean) 
France 
(range) Albany,  WA
Bridgetown, 
WA Bunbury,  WA
Busselton, 
WA 
Collie, 
WA Denmark,  WA 
Donnybrook, 
WA 
Karridale, 
WA 
Manjimup, 
WA 
October 196  183.3  164-223  205 205 230 215  225  187  225 188  190 
November 245 220.1  185-277  225 240 275 260  270  205  265 218  225 
December 263 240.2  210-298  245 282 320 300  312  230  310 248  250 
January 304  273.2  239-342  232 284 315 298  312  222  310 250  250 
February 273  252.6  229-303  212 245 260 248  273  200  260 225  230 
March 220  206.5  184-240  205 230 255 247  250  195  250 220  213 
April 147  141.3  122-190  180 190 210 205  207  166  210 175  175 
Oct-Apr 1648  1517.2  1379-1869  1504 1676 1865 1773  1849  1405  1830 1524  1533 
 
Margaret 
River, WA  Mount Barker 
Pemberton, 
WA 
Rocky Gully. 
WA 
Wokalup, 
WA 
Dwellingup, 
WA 
Bushy Park, 
Tas. 
Hobart, 
Tas. 
Launceston, 
Tas.  Risdon, Tas. 
Deloraine, 
Tas. 
Port Arthur, 
Tas. 
October  194 208 185 210 230  232.5  198  195  240  198  229.4  n/d 
November  232 225 206 232 278 255 224  220  245  222 237  n/d 
December  272 245 228 265 325  313.1  228  222  270  227  260.4  n/d 
January  274 235 238 260 322  325.5  242  240  270  243  282.1  n/d 
February 238 215 214 238 272  271.6  207  200  235  205  246.4  n/d 
March  226 205 195 218 258  244.9  201  198  215  200 217  n/d 
April  190 185 157 188 210 183 150  148  185  150 180  n/d 
Oct-Apr  1626 1518 1423 1611 1895  1825.6  1450  1423  1660  1445  1652.3  n/d   179
 
Table 2: Rainfall comparisons of trufficultural regions of France and selected sites in Australia. 
 
Period 
Angouleme, 
Fr. 
Beaujolais, 
Fr.  Bergerac, Fr. Cahor, Fr.  Bordeaux, Fr Cosne, Fr.  Dijon, Fr. 
Lower 
Savoie, Fr. 
Montpellier, 
Fr.  Orange, Fr.  Pomerol, Fr. Serrieres, Fr. 
October 64 63 63 77 67 39 50 53 58 62 64 72 
November  70 69 64 78 65 43 55 69 61 73 60 70 
December  74 79 59 77 60 57 69 71 40 58 55 88 
January  51 82 49 54 52 58 62 75 27 39 50 88 
February  55 78 60 51 47 55 61 82 48 78 54 73 
March  56 74 44 64 55 46 54 71 72 88 51 77 
April  80 78 64 66 81 63 78 84  108  120  71 72 
October-April 450  523  403  467  427  361  429  505  414  518  405  540 
Annual  804  803  730  801  833  588  698  737  732  812  751  868 
 Valence,  Fr. 
France 
(mean) 
France 
(range) Albany,  WA
Bridgetown, 
WA Bunbury,  WA
Busselton, 
WA Collie,  WA 
Denmark, 
WA 
Donnybrook, 
WA 
Karridale, 
WA 
Manjimup, 
WA 
October 71  61.8  39-77  71 67 55 55 71 88 70 84 81 
November 86  66.4  43-86  39 30 25 23 29 50 30 38 45 
December 77  66.5  40-88  30 19 14 14 17 37 16 27 26 
January 43  56.2  27-88  27 14 10 10 14 21 11 19 20 
February 101 64.8  48-101  28 14 12 11 14 27 15 22 19 
March 105  65.9  44-105  42 29 23 23 26 43 28 36 33 
April 142  85.2  63-142  66 46 46 43 50 88 51 70 64 
October-April 625  467  361-625  303  219  185  179  221  354  221  296  288 
Annual  904  774  698-904  800  856  881  838  988  1012  1019  1200  1055 
 
Margaret 
River, WA  Mount Barker 
Pemberton, 
WA 
Rocky Gully. 
WA 
Wokalup, 
WA 
Dwellingup, 
WA 
Bushy Park, 
Tas. Hobart,  Tas.
Launceston, 
Tas. Risdon,  Tas.
Deloraine, 
Tas. 
Port Arthur, 
Tas. 
October 76 74 94 56 67  82.7  57 60 68 59  84.8  101.6 
November  40 41 56 29 27  45.8  54 61 46 53 65  86.7 
December  22 30 39 22 17  20.3  52 56 54 57  64.2  100.6 
January  14 22 22 17 10 16 42 45 39 42  50.5  87 
February  12 24 17 16 19  22.9  36 41 38 46  47.4  65.3 
March  34 37 43 30 29 27 39 44 43 44  50.7  86.2 
April  76 57 90 45 56  68.6  48 52 60 55 73  97.2 
October-April 274  285  361  215  224  283.3  328  359  348  356  435.6  624.6 
Annual  1192  756  1255  687  1010.00  1266  579  622  725  596  956  1158   180
 
Table 3: Mean daily temperatures for trufficultural regions of France and selected sites in Australia. 
 
Period 
Angouleme, 
Fr. 
Beaujolais, 
Fr.  Bergerac, Fr. Cahor, Fr.  Bordeaux, Fr Cosne, Fr.  Dijon, Fr. 
Lower 
Savoie, 
Fr.  Montpellier, Fr. Orange, Fr. 
Pomerol, 
Fr.  Serrieres, Fr. 
October  11.5 10.5 11.7 11.8 11.7 10.0 10.3  10.5  12.8  13.1 12.1  10.4 
November  15.2 14.9 15.6 15.6 15.4 14.0 14.5  14.8  16.6  17.0 15.8  14.9 
December  18.3 18.0 19.0 18.9 18.3 17.0 17.6  18.2  20.3  20.5 19.3  17.9 
January  20.5 20.5 21.1 21.2 20.5 19.0 19.6  20.5  22.9  22.9 21.3  20.5 
February  20.2 19.7 20.9 21.1 20.5 18.6 19.0  20.0  22.4  22.1 21.3  19.3 
March  17.8 16.4 18.0 18.2 18.3 15.7 16.1  16.6  19.3  18.9 18.6  16.2 
April  13.1 11.4 13.3 13.3 13.8 10.8 10.9  11.7  14.5  14.1 13.8  11.2 
Oct-Apr  16.7  15.9  17.1  17.2  16.9  15.0  15.4  16.0  18.4  18.4  17.5  15.8 
 Valence,  Fr. 
France 
(mean) 
France 
(range)  Albany, WA
Bridgetown, 
WA  Bunbury, WA
Busselton, 
WA 
Collie, 
WA  Denmark, WA 
Donnybrook, 
WA 
Karridale, 
WA 
Manjimup, 
WA 
October  11.3  11.4  10.0-13.1  13.5 13.4 15.0 14.5  13.9  13.8  14.4 13.9  12.9 
November  15.5  15.4  14.0-15.8  15.8 16.4 17.5 17.2  17.2  15.8  17.6 16.1  15.4 
December  18.8  18.6  17.0-20.5  17.7 18.8 19.6 19.3  19.8  17.4  20.0 17.9  17.3 
January  21.5  20.9  19.0-22.9  19.0 20.6 21.2 20.9  21.6  18.7  21.7 19.1  19.2 
February  21.0  20.5  18.6-22.4  19.2 20.4 21.4 20.9  21.3  18.7  21.8 19.1  19.4 
March  17.7  17.5  15.7-19.3  18.2 18.6 20.0 19.3  19.3  17.9  19.7 18.1  18.0 
April  12.6  12.7  10.8-14.5  16.1 15.7 17.7 16.7  15.9  16.4  17.0 16.4  15.5 
Oct-Apr  16.9  16.7  15.0-18.4  17.1  17.7  18.9  18.4  18.4  17.0  18.9  17.2  16.8 
 
Margaret 
River, WA  Mount Barker 
Pemberton, 
WA 
Rocky Gully. 
WA 
Wokalup, 
WA 
Dwellingup, 
WA 
Bushy Park, 
Tas. 
Hobart, 
Tas. 
Launceston, 
Tas.  Risdon, Tas. 
Deloraine, 
Tas. 
Port Arthur, 
Tas. 
October  13.5 13.1 12.6 13.3 15.1 13.8 11.6  12.4  12.3  12.5  9.9 10.8 
November  15.8 15.6 15.0 15.9 17.8 16.8 13.3  13.8  14.6  14.0 11.5  11.9 
December  18.0 17.6 16.8 18.0 20.8 19.8 15.4  15.5  16.5  15.4 13.6  13.1 
January  20.0 19.0 19.2 19.8 22.6 21.9 16.7  16.7  17.7  16.8 14.5  14.6 
February  20.3 19.0 19.3 19.8 22.9 21.9 16.8  16.8  18.2  16.9 15.6  15.1 
March  18.8 17.7 18.3 18.4 20.9 19.9 15.1  15.3  16.1  15.6 12.9  13.9 
April  16.5 15.7 15.5 15.8 18.0 16.2 12.1  13.2  12.9  13.2 10.5  12.4 
Oct-Apr  17.6  16.8  16.7  17.3  19.7  18.6  14.4  14.8  15.5  14.9  12.6  13.1   181
Appendix II 
 
Preliminary sap flow investigation 
Results indicated only the main stem yielded sufficient quantities of sap consistently. In 
addition, diurnal variation in phloem sap sugar concentration was significant across the 
time periods examined (Figure 1). Changes in sap sugar concentration indicated a level 
of standardisation was required for routine phloem sap sampling. From the results 
obtained a decision was made to sample sap between the hours of 10 am and 2 pm. This 
was the period at which mean daily sugar concentration occurred with median levels of 
sap yield. A moderately strong, positive relationship exists between sap yield and stem 
diameter (Figure 2a) and was used as a means of standardising trees selected for routine 
sampling. A weak negative relationship exists between sap yield and sap sugar 
concentration (% Brix) (Figure 2b). It could be that this relates to the tree water status at 
the time of sampling where sugar concentrations are reduced as a result of temporal 
changes in plant internal water balance. The relationship between sap sugar 
concentration and stem diameter is slightly negative indicating sap sugar concentrations 
are only marginally dependent on stem diameter (Figure 2c). The need to standardise 
sampling technique and timing and certain growth parameters such as stem diameter for 
routine sampling is highlighted by this brief investigation. 
 
The sap material collected from these trees were bulked and used to determine the sugar 
composition of phloem sap using the HPLC method detailed in section 3.2.5 of Chapter 
3. In all samples, sucrose was found to be the principle transported sugar in phloem sap 
of Corylus avellana and is described similarly for the Corylaceae by Zimmerman and 
Ziegler (1975). Trace amounts of other sugars reported to be present in the Corylaceae   182
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Figure 2: Regression analysis of sap yield and stem diameter (a), sap yield and sap 
sugar concentration (b) and sap sugar concentration and stem diameter (c). Trend lines 
are linear regression with R
2 and P-values indicated. 
were not detected. Those being raffinose and verbascose with trace amounts of 
myoinositol (Zimmermann and Ziegler 1975). Routine analysis of phloem sap of 
subsequent samples detected no other sugars at any time.  
 
 
 
Figure 1: Mean phloem sap sugar concentration (% Brix) (a) and phloem sap yield 
from 3 incisions in bark tissue (b). P-value indicates result of one-way ANOVA and 
letters indicate result of LSD multiple range test where same letter indicates no 
significant difference at P≤0.05. Error bars indicate SE. 
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Appendix III 
 
Table 1: Mean monthly values of NC fractions of individual eus. Letters indicate the 
result of repeated measures ANOVA performed between months within eus and NC 
component. Hence the same letter within columns of individual eus indicate no 
significant difference at P≤0.05 
 
 
Eus  Month  Total NC's  Soluble NC's  Insoluble NC's 
99-00 apical  Aug-01  29.1 (10.2) abc  12.0  (2.9) ab  10.0  (2.3) a 
  Oct-01  10.0 (4.4) b  5.0  (2.3) a  4.7  (3.1) bd 
  Dec-01  29.4 (3.1) ae  19.9  (1.6) b  9.5  (2.0) abd 
  Feb-02  54.3 (5.1) cd  27.8  (1.0) cd  26.5  (5.0) c 
  Apr-02  74.7 (5.5) d  34.5  (2.8) c  40.2  (4.9) c 
  Jun-02  57.2 (3.9) cd  25.1  (0.7) d  32.1  (4.0) c 
  Aug-02  35.4 (3.6) e  27.8  (1.7) cd  8.1  (2.6) d 
99-00 spurs  Aug-01  36.8 (3.0) a  26.6  (0.9) a  10.2  (2.8) abcdf
  Oct-01  16.2 (3.4) b  11.9  (1.9) b  4.3  (2.1) b 
  Dec-01  40.1 (3.7) a  22.1  (1.8) c  18.1  (2.7) cf 
  Feb-02  63.0 (7.7) ce  33.6  (3.4) ad  29.4  (6.8) cd 
  Apr-02  89.5 (4.5) d  35.7  (0.9) d  53.8  (4.5) e 
  Jun-02  75.1 (3.5) cd  38.9  (1.5) d  36.2  (3.0) d 
  Aug-02  58.0 (4.6) e  42.2  (1.6) e  15.9  (4.1) f 
00-01 apical  Aug-01  35.6 (4.2) af  25.4  (1.6) a  10.2  (3.5) ab 
  Oct-01  8.1  (2.4) b  (5.1) (1.8) b  2.7  (1.8) a 
  Dec-01  32.2 (8.2) ac  19.5  (2.0) c  12.8  (6.8) ab 
  Feb-02  52.8 (5.9) ce  29.8  (1.2) d  22.9  (5.5) bd 
  Apr-02  85.2 (3.9) d  34.2  (1.3) de  51.0  (4.8) c 
  Jun-02  63.4 (3.2) e  30.0  (1.0) d  33.4  (3.1) d 
  Aug-02  48.4 (4.1) cf  34.2  (1.1) e  14.3  (3.5) a 
00-01 spurs  Aug-01    n/a   
 Oct-01    n/a   
  Dec-01  39.1 (5.2) a  27.0  (2.7) a  31.1  (7.7) abc 
  Feb-02  67.1 (8.0) bd  36.0  (0.8) b  49.9  (3.4)a  
  Apr-02  86.4 (3.8) c  36.4  (0.9) b  35.7  (3.6)b  
  Jun-02  76.6 (4.1) bc  40.9  (1.4) c  17.7  (1.9) cd 
  Aug-02  62.1 (1.7) d  44.4  (1.2) c  17.0  (7.7) d 
01-02 apical  Aug-01    n/a   
 Oct-01    n/a   
  Dec-01  40.8 (4.7) a  26.9  (2.6) a  13.9  (3.0) a 
  Feb-02  61.6 (11.6) abc  33.2  (3.6) abc  28.4  (9.7) abc 
  Apr-02  83.2 (3.4) b  36.2  (0.8) b  47.0  (3.1)b 
  Jun-02  86.6 (6.1) bc  40.1  (0.9) cd  46.5  (5.8)b  
  Aug-02  65.9 (5.3) c  42.1  (0.6) d  23.8  (5.0) ac   184
Appendix IV 
 
Table 1: Chlorophyll concentrations (µg mg
-1 FW) of YFEL. SE is indicated in 
parentheses. Letters indicate results of within fungal treatment ANOVA of lime 
treatments. Same letters indicate no significant difference according to LSD multiple 
range test at the P≤0.05 level of significance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fungal 
treatment 
Lime 
(g/kg) Chl a  Chl b  Total Chl 
Uninoculated 0  1.69 (0.14) a  0.62 (0.04) a  2.31  (0.19) a 
 10  1.58 (0.22) a  0.59 (0.07) a  2.17  (0.29) a 
 20  1.07 (0.10) b  0.39 (0.03) b  1.45  (0.13) b 
 40  1.44 (0.09) ab  0.54 (0.04) a  1.97  (0.13) ab 
T. melanosporum  0 1.87 (0.20) a  0.66 (0.07) a  2.53  (0.26) a 
 10  1.37 (0.14) b  0.48 (0.05) b  1.84  (0.18) b 
 20  1.45 (0.14) ab  0.51 (0.05) ab  1.96  (0.20) ab 
 40  1.49 (0.08) ab  0.51 (0.04) ab  2.00  (0.12) ab 
Scleroderma sp.  0  1.29 (0.18) a  0.44 (0.07) a  1.72  (0.25) a 
 10  1.54 (0.20) a  0.53 (0.08) a  2.07  (0.28) a 
 20  1.40 (0.07) a  0.49 (0.03) a  1.89  (0.10) a 
 40  0.98 (0.40) a  0.33 (0.13) a  1.31  (0.52) a 
Hebeloma sp.  0  1.20 (0.14) a  0.38 (0.04) ab  1.58  (0.18) a 
 10  1.29 (0.14) ab  0.42 (0.05) bc  1.72  (0.19) ab 
 20  1.66 (0.18) bc  0.53 (0.06) bc  2.18  (0.24) bc 
 40  1.80 (0.15) c  0.59 (0.05) c  2.39  (0.20) c   185
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